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SUMMARY 
Several animal studies have shown that thyroid hormones 
augment the Na+,K+-ATPase (sodium pump) activity of a variety of 
animal tissues. In patients with hyperthyroidism, muscle and 
leucocytes also show increased sodium pump activity. In contrast, 
erythrocytes from hyperthyroid patients show decreases in the sodium 
pump activity. Erythrocytes also have other carrier mediated pathways 
of sodium transport. 
In the first part of the study, it was confirmed that erythrocyte 
active sodium transport was decreased in patients with 
hyperthyroidism. In addition, it was demonstrated that sodium lithium 
countertransport, sodium potassium cotransport and ouabain and 
bumetanide insensitive sodium efflux were also decreased. This 
showed that the decrease in the activity of the sodium pump was part 
of a generalised defect of all the membrane mediated pathways of 
sodium transport across the erythrocyte membrane. On treatment of 
hyperthyroidism, all these decreases were shown to be reversed but 
the time required for the reversal was more than three months. Since, 
treatment returned the thyroid hormone status to normal in less than 
two months, this suggested that thyroid hormones affected the 
erythrocytes during formation in the bone marrow. 
When the changes in the sodium pump characteristics in 
hyperthyroidism in age-fractionated cells were studied, it was found 
that thyroid hormones did not cause an accelerated loss of sodium 
pump sites during in vivo aging of erythrocytes. The rate of 
disappearance of sodium pump sites were similar in hyperthyroid 
patients and control subjects. 
The maturation of the reticulocyte to the erythrocyte is 
accompanied by substantial losses of membrane proteins. 
Reticulocytes from anaemic guinea pigs injected with thyroid 
hormones showed a reduced number of sodium pump sites. This 
suggested that thyroid hormones either inhibited the synthesis of 
sodium pump sites in the bone marrow or caused a greater loss at a 
later stage. 
The Na +，K+-ATPase activity of an in vitro model of erythroid 
differentiation, K562 cells was stimulated by thyroid hormones in a 
time- and concentration- dependant manner. Induction of 
differentiation of K562 cells in the presence of thyroid hormones 
showed that the Na +，K+-ATPase activity was unaltered thus 
demonstrating that this cell line represents a very early stage of 
erythroid maturation. 
Reticulocytes possess an ATP-dependant proteolytic system to 
degrade membrane proteins and intracellular organelles during 
maturation to form erythrocytes. This proteolytic system is also 
present in erythroid precursor cells such as K562 cells. It was 
demonstrated that thyroid hormones increased the activity of the 
ATP-dependant proteolytic system of reticulocytes. This suggests that 
the reduced number of sodium pump sites is due to augmentation of 
the ATP-dependant proteolytic system in hyperthyroidism. K562 cells 
also showed enhancement of this ATP-dependant proteolytic system, 
but this did not reach statistical significance. 
In conclusion, the decrease in the sodium pump activity seen in 
hyperthyroidism is part of a generalised defect of membrane proteins 
including those proteins mediating the translocation of sodium across 
the erythrocyte membrane. The mechanism responsible for this 
decrease is the enhancement of the ATP-dependant proteolytic 
system by increased levels of circulating thyroid hormones. Further 
work is required to confirm which pathway of the ATP-dependant 
proteolytic system is being enhanced by thyroid hormones. 
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1.1 Transport Pathways of Sodium in Human Erythrocytes 
Human erythrocytes like all other cells have a low intracellular 
Na and high K concentrations in contrast to the extracellular medium 
where the concentrations of these cations are found in reverse i.e. 
high Na and low K concentrations. Both Na and K can be translocated 
across the erythrocyte membrane by a variety of transport pathways. 
1.2 Active Transport - the Sodium Pump 
In most mammalian cells including the human erythrocyte, the 
low Na and the high K concentrations are maintained by the Na 
pump. The main function of the Na pump is the extrusion of Na 
against the electrochemical gradient. The energy required for this 
process comes from the hydrolysis of ATP. Physiologically, three Na 
ions are moved out of the cell and two K ions are taken up by the cell 
for every molecule of ATP hydrolysed. The movements of the cations 
and the hydrolysis of ATP are tightly coupled. The Na pump is an 
energy transducer which converts chemical energy from the hydrolysis 
of ATP into an electrochemical gradient of the cations. 
Experimentally, it is also possible to drive the cations in opposite 
directions with the synthesis of ATP (Jorgensen, 1982; Kaplan, 1985; 
Skou, 1988; Norby, 1989). 
The Na pump has been identified as a transmembrane ATP-
hydrolysing enzyme system. It has been purified and crystalised. It can 
be reconstituted into lipid vesicles to catalyse different modes of Na 
and K transport at rates approaching those observed in the intact 
membrane. This enzyme is activated by the combined effects of Na on 
the cytoplasmic side and K on the extracellular side of the membrane 
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in the presence of magnesium ions- hence, the name Na, K stimulated 
magnesium dependant adenosine triphosphatase (Na +，K+-ATPase， 
EC 3.6.1.3). This enzyme-catalysed active transport system is present 
ubiquitously including the human erythrocytes. The density (or 
number) of the Na pumps varies considerably from cell to cell. 
(Jorgensen, 1982; Kaplan, 1985; Skou, 1988; Norby, 1989). 
1.2.1 Effects of Sodium and Potassium Ions 
Much of the knowledge on the effects of Na and K ions on the 
Na pump was derived from work on erythrocytes from human and 
other species. Early studies showed that competition exists between 
Na and K for Na activation on the cytoplasmic side of the membrane 
and for K activation on the extracellular side of the membrane. The 
apparent affinity for Na is about three times that of K for Na 
activation on the cytoplasmic sites at saturating concentrations of 
ATP. The apparent affinity for K is about 100 times that of Na on the 
extracellular site. Only Na ions can activate the cytoplasmic site in the 
presence of K and cannot be replaced by other monovalent cations. 
For the activation of extracellular sites, K can be replaced by other 
monovalent cations. The apparent affinity for activation is K > 
rubidium > ammonium > caesium > lithium > Na. 
At a fixed intracellular K concentration, the efflux rate of Na 
plotted against increasing Najc concentration (i.e. varying the Nafc) 
results in a sigmoidal relationship. The efflux rate of Na determined 
at varying concentrations of K at a given intracellular Na 
concentration also show a sigmoidal relationship. This suggests that 
more than one Na and one K ion are necessary for activation. The 
cytoplasmic sites are almost completely saturated with Na at 
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intracellular Na and K concentrations of 130 and 20 mmol/ l , 
respectively. Thus at physiological concentrations of intracellular Na 
and K, the Na pump is operational at about 30-40% of the maximum 
(Vmax) activity (Jorgensen, 1982; Kaplan, 1985; Skou, 1988; Norby, 
1989). 
1.2.2 Molecular Weight and Subunit Structure 
Most of the work on the molecular weight and subunit 
structure was performed on the Na pump isolated from tissues that 
are specialised for transcellular Na transport like the outer renal 
medulla in mammals, rectal glands of dogfish, eel electroplax and salt 
glands from marine birds (see Jorgensen, 1982). Among mammalian 
tissues, the Na pump from kidney has been studied extensively (dog 
and lamb in particular). Immunological studies have shown that 
antibodies raised against the kidney Na+,K+-ATPase cross react 
with those from other tissues or cells including human erythrocytes 
(Jorgensen, 1982; Kaplan, 1985; Skou, 1988，Norby, 1989). 
Purification procedures commonly applied included detergent 
extraction of the Na +，K+-ATPase without any damage to the Na 
pump. This can be achieved by careful manipulation of the pH， 
temperature, time and most importantly the concentration of the 
detergent-like deoxycholate, Na dodecyl sulphate. Techniques such as 
polyacrylamide gel electrophoresis in the presence of a detergent has 
been applied to the purified enzyme to reveal the subunit structure. It 
was shown that Na +，K+-ATPase consists of two polypeptide bands -
an alpha subunit with a molecular weight of about 100 kDa, and a 
glycoprotein beta subunit with a molecular weight of 38 kDa. The 
ratio is about 1:1 on a molar basis. Functionally, it is the alpha subunit 
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which is catalytically active whereas the beta subunit is inactive. In 
addition to the above mentioned subunits, a low molecular weight (10 
kDa) protein - gamma has also been isolated from the Na+，K+-
ATPase but its exact role is not known (Jorgensen, 1982; Kaplan, 
1985; Skou, 1988; Norby, 1989). 
If the subunit structure of the Na +，K+-ATPase is a 1:1 molar 
ratio of alpha:beta, then the molecular weight should be 130 kDa. To 
determine the molecular weight accurately, techniques such as 
sedimentation velocity experiments (analytical ultracentrifugation), 
radiation inactivation analysis for in situ estimation of the molecular 
weight and low-angle neutron activation analysis were used. These 
studies yielded values for the molecular weight for Na+，K+-ATPase 
from 250 - 330 kDa. Molecular weight of Na +，K + -ATPase from 
human erythrocyte ghosts was estimated to be between 300-330 kDa. 
The estimates for mammalian kidney was 190 kDa, and that of 
mammalian brain was 264 kDa. This suggests the structure of 
Na +，K+-ATPase to be {alphci,beta)2 form. Sedimentation velocity 
experiments of the purified enzyme in the presence of a detergent 
(C12E8) from the kidney gave a value of 170 kDa which suggested a 
alpha,beta structure. (Jorgensen, 1982; Skou, 1988). 
Another technique used to estimate the molecular weight is 
ligand binding capacity and quantitative protein analysis using pure 
protein preparations. The ligands used were ^H-ouabain, ^"^C-ATP or 
^^V-vanadate or fluorescent derivatives such as formycin 
triphosphate, trinitrophenyl-ATP, and antroyl-ouabain. In this 
technique, the molar mass (g protein/ mol) per binding site for ATP, 
ouabain or vanadate were obtained from equilibrium binding data. 
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The concentrations of the binding sites can then be related to the 
content of protein in pure preparations of Na +，K+-ATPase. 
Estimates for the molecular weight for this protein varied between 
175 - 270 KDa. Serious disadvantages of these methods are that 
estimates of protein depends on the method employed (e.g. 270 kD 
when protein was determined by the Lowry method and 175 kD on 
amino acid analysis) and that more than one molecule of ligand may 
bind to {alpha,beta)2-\^riii. To resolve the subunit structure, another 
approach used was to examine the cooperativity of Na and K to the 
binding of ouabain and ATP. It was found that ATP showed negative 
cooperativity in the presence of K but not in the presence of Na, 
whereas ouabain binding showed negative cooperativity in the 
presence of Na and not K. This meant that two or more binding sites 
exists for the ligands which is consistent with a subunit structure of 
{alpha,beta)2. The, evidence presented suggests that the subunit 
structure of Na+，K+-ATPase is the {alpha,beta)2 and not the 
alpha^beta type (Jorgensen, 1982; Skou, 1988). 
1.2.3 Inhibitors of the Sodium Pump 
A variety of plant (cardinolides) and animal (bufodienolides) 
glycosides have been shown to inhibit the Na + ,K+-ATPase. Of the 
plant cardinolides, ouabain (g-strophanthin) has been used widely 
because of its high aqueous solubility (10 mmol/1 at 37^C) without 
using organic solvents which often have their own effect on enzyme 
activity. The factor that determines the affinity of the enzyme for a 
given inhibitor is the chemical structure of the inhibitor. Ouabain 
inhibits the hydrolysis of ATP and other substrates such as p-
nitrophenylphosphate. Ouabain also prevents the phosphorylation of 
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the enzyme by ATP. In membrane preparations, ouabain inhibits the 
translocation of Na and K (Wallick & Schwartz, 1988). 
Binding studies with ^H-ouabain have been carried out with a 
variety of preparations including intact tissue, isolated cells, crude 
homogenates (Wallick & Schwartz, 1988) and human erythrocytes 
(Gardner & Conlon, 1972). In all the studies involving tissues or intact 
cells, the relation between ouabain binding and ouabain 
concentration was described by a rectangular hyperbola permitting 
the determination of maximal binding (Bmax) and the concentration 
of ouabain at which ouabain binding is half maximal (affinity for 
ouabain, Kd). These studies have shown that the affinity of ouabain 
varies considerably from tissue to tissue and from species to species. 
For example, affinity for ouabain was, in decreasing order kidney > 
heart > brain (Tobin, Henderson & Sen, 1972). The ouabain 
sensitivity of the enzyme from various species was, in the decreasing 
order, dog > pig > sheep > guinea pig > > rat (Akera, Larsen & 
Brody, 1969). 
Ligands such as Na, K and Mg, can also influence the affinity 
of binding of ouabain to the sodium pump. In human erythrocytes, 
when Na was present in the external medium, the affinity of ouabain 
was increased; when K occupies the cation binding site the affinity of 
ouabain decreased. This suggested that ouabain and K compete for 
the same binding site (Gardner & Conlon，1972). Mg ions present in 
the external medium also increases the affinity of glycoside site for 
ouabain in sheep kidney (Wallick & Schwartz, 1988). 
Vanadate, a contaminant in certain commercial preparations 
of ATP also inhibits the Na pump in micromolar quantities. In 
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contrast to cardiotonic glycosides, vanadate binds to the cytosolic side 
of the membrane. Vanadate in the oxidised form is a powerful 
inhibitor of the Na pump, but the reduced form vanadyl has very little 
inhibitory activity. Vanadate requires Mg ions for binding to the 
enzyme; K ions acts as cofactors for inhibition by vanadate. Na and 
ATP, however antagonise the inhibition by vanadate. The site of 
vanadate binding has been suggested to be that of phosphate because 
of the structural similarity between vanadate and phosphate. 
However, a high- and a low-affinity site for vanadate have been 
reported (Beauge, 1988). 
Oligomycin, a well known inhibitor of oxidative 
phosphorylation also inhibits the Na pump. Unlike ouabain, the 
inhibition is incomplete. Oligomycin affects the extracellular site of 
the enzyme and requires Na on the cytoplasmic side of the enzyme 
(Skou, 1988). 
1.2.4 Measurements of the Sodium Pump/Na+，K+-ATPase 
In one of the earliest techniques used to study the flux rates 
mediated by the Na pump, ^^Na was used (Sachs & Welt, 1967). In 
this method washed erythrocytes were incubated in an isotonic 
solution containing a known amount of ^^Na. After a 3 hour loading 
period, the cells are washed several times (usually 4-6 times). The 
^^Na loaded cells are then incubated in an isotonic pH 7.4 buffered 
solution in the presence and absence of ouabain over a finite time 
period. The cells are centrifuged and radioactivity in the supernate is 
determined. Ouabain is added at a concentration (usually 10 | imol/ l) 
to inhibit the Na pump maximally. An aliqout of the loaded cells are 
also haemolysed and counted to determine the total radioactivity 
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present. The ouabain-sensitive efflux rate of Na is the difference in 
the flux rates in the presence and absence of ouabain. This rate 
divided by the amount of radioactivity present in the haemolysate at 
time zero would then be an estimate of the rate constant of the Na 
pump. A disadvantage of this method is the use of radioactive Na and 
assessing the activity of any system that is exchanging internal for 
external Na (Sachs & Welt, 1967). 
Another method available for the determination of the activity 
of the Na pump in human erythrocytes is the use of radioactive K 
(45k) or the K analogue rubidium (^^Rb) (Beauge & Adragna, 1971). 
The serious drawback of using "^^K is its very short half life (12.5 
hours) which has prompted the use of its analogue 秘Rb with a longer 
long half life (18.7 days). It has been demonstrated that the Na pump 
handles 秘Rb in a similar way to its handling of K. In this method 
washed erythrocytes are incubated with 秘Rb in the presence and 
absence of ouabain over a finite time period. After washing to remove 
extracellular ^^Rb, the cells are deproteinised and the intracellular 
^^Rb is extracted and counted (Beauge & Adragna, 1971). 
Since, the Na pump displays saturation kinetics - the pump can 
be driven at the maximum rate by increasing the intracellular Na 
concentrations by treatment with pCMBS (para-
chloromercuribenzene sulphonate) or nystatin (Najc in healthy adults 
is usually 5-8 mmol/1, pCMBS or nystatin treatment increases the 
Naic upto 100 mmol/1). A serious disadvantage of this method is that 
the composition of the manipulated cells differs greatly from that 
which exists in vivo. Furthermore, increases in Naj^ are inevitably 
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accompanied by changes in the concentrations of other intracellular 
ions (Garay & Garrahan, 1973). 
The above methods for the determination of Na pump activity 
involve either the use of radioactive substrates or extensive 
manipulation of erythrocytes. A simple non-radioactive method for 
the estimation of the ouabain-sensitive efflux rate of Na was described 
by Cumberbatch & Morgan (1978). In this method, the ouabain-
sensitive efflux rate is estimated at rates close to those operational at 
physiological levels. In this method whole blood is used, thus allowing 
an ”in vivo" estimate of the Na pump activity and avoids the possible 
removal of any endogenous factor(s) (e.g. the elusive natriuretic 
factor). The method of Cumberbatch & Morgan (1978) is based on 
the observation that when whole blood is incubated in the presence of 
excess ouabain to inhibit efflux of Na, Najc rises. Therefore, the rate 
of rise of Najc is a measure of the ouabain-sensitive efflux rate of Na 
(fg). This estimate of f。when divided by the original Naj^, gives a 
measure of the ouabain-sensitive efflux rate constant (kg) for Na. This 
method, however, makes two assumptions: (1) that in steady state 
influx is equal to efflux and (2) that the Na pump activity can be 
described as a first order reaction system. The first assumption is only 
valid if the ouabain-insensitive efflux rates are insignificant compared 
to the ouabain-sensitive efflux rate. However, it has been shown that 
the ouabain-sensitive efflux rate is about 75-85% of the total Na efflux 
(Sachs & Welt，1967; Boero, Quarello, Guarena, Rosati & 
Piccoli,1985). Thus the value of the ouabain-sensitive efflux rate 
constants obtained by the method of Cumberbatch & Morgan is lower 
than the value obtained by other methods. As for the second 
assumption, since the Na pump demonstrates a sigmoidal relationship 
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between ouabain-sensitive efflux rate and Nafc, and the method is 
only valid over a very narrow range of Najc. 
The enzymatic equivalent of the Na pump is the Na +，K+-
ATPase activity which hydrolyses ATP resulting in the production of 
ADP and Pi and n moles of H + where n depends on the buffering 
characteristics of the reaction medium (n is between 0.7 and 1 in the 
pH range 7-8) (Brown, 1982). In principle, Na+，K+-ATPase activity 
could be determined by either monitoring the rate of disappearance 
of ATP, or by the rate of appearance of ADP, Pi or H + . 
Measurements of the rate of disappearance of ATP would be rather 
insensitive as the concentration of ATP used is far in excess of the 
Vmax. Methods based on the appearance of ADP and H + have been 
used; ADP being determined by a coupled enzyme assay and H + 
using a pH electrode (Brown, 1982). The advantage of both methods 
is that the enzymic activity can be monitored continuously. The 
disadvantage of the ADP method is that is also utilised by adenyl 
cyclase. The disadvantage of the H + method is that small changes in 
the p H cannot be determined precisely. The most popular method for 
estimating Na +，K+-ATPase activity is the determination of rate of 
release of Pi. In the majority of studies, the Pi concentration is 
determined by modifications of the original method of Fiske & 
Subbarow (1925). The method of measurement can be automated 
thus enabling the assay of a large number of specimens. In another 
variation of the ATPase method, ^^P-ATP is used as the substrate 
and the ^^Pi released is determined following extraction into a 
organic phase (Brown, 1982). The advantage of the use of ^^P-ATP is 
the greater sensitivity (ability to detect small changes in enzymic 
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activity); the disadvantages are the use of a radioactive label which 
has a short half life (14.2 days) and the cost. 
In the case of erythrocytes, the active site for ATP hydrolysis is 
on the cytoplasmic side of the membrane and the cells have to be 
ruptured to determine Na + ,K+-ATPase activity. This can be 
achieved by freezing and thawing packed erythrocytes (Cumberbatch, 
Zareian, Davidson, Morgan & Swaminathan, 1981). The advantages 
of this method is that endogenous factor(s) present in the plasma is 
not removed and it only requires a small volume of cells. The 
disadvantage is poor sensitivity due a small number of Na+，K+-
ATPase units in the small number of cells used. Another method 
involves the use of haemoglobin-free erythrocyte membranes (ghosts) 
to determine the enzyme activity. This method requires a large 
volume of cells (usually 20ml or more). In this method cells are lysed 
by freezing and thawing or by exposure to a hypotonic solution and 
the membranes are sedimented by a high centrifugal force. The 
membranes thus obtained are washed several times to remove any 
remaining haemoglobin (Cole & Waddell, 1976). The advantage of 
this method is the enrichment of the enzyme activity; the 
disadvantages are the requirement of a large volume of blood and the 
lengthy procedure for preparation of the membranes. 
Gardner & Cordon (1972) determined the binding 
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characteristics of -^H-ouabain to human erythrocytes. They showed 
that binding was reversible and that the relationship between ouabain 
binding and ouabain concentration could be described by a 
rectangular hyperbola permitting the binding data to be analysed by 
the method of Scatchard (1949). From this, the number and the 
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affinity of the binding sites can be estimated. In addition, it was found 
that when K was present in the incubation medium, the affinity of 
ouabain was greatly reduced suggesting competition for ouabain by K 
(Gardner & Conlon, 1972). The binding of ouabain (with the ^H-
ouabain used as a tracer) is determined at several non-saturating 
concentrations of ouabain. The amount of ouabain bound is then 
calculated and plotted as a function of the concentration of ouabain 
used. This data is then analysed by the method of Scatchard (1949) 
and the maximum number of OBS (Bmax) and the dissociation 
constant (Kd) are determined (for details, see section 2.1.4.2 ). The 
disadvantage of this method is that it limits the number of specimen 
which can be analysed simultaneously to 3 or 4 samples (Gardner & 
Conlon, 1972). An alternative method for the estimation of maximum 
number of OBS is to use ^H-ouabain at a concentration (0.2 umol/1) 
sufficient to saturate all the binding sites (Rubython, Cumberbatch & 
Morgan, 1983). Since ouabain is used at only one concentration, this 
method is attractive for estimating OBS in a larger number of 
samples. 
1.3 The Passive Fluxes of Sodium & Potassium 
There are several transport pathways of sodium and potassium 
accross the erythrocytes membrane which do not require require the 
hydrolysis of ATP. These are known as the passive fluxes of sodium 
and potassium. 
14 
1.3.1 The Na-K-Cl Co-transport System (SPC) 
Evidence for the presence of a coupled, electrically neutral 
transport of Na, K and CI ions in human erythrocytes has been 
accumulating for several years. This transport system is also present in 
a wide variety of tissues and appears to serve a number of different 
physiological functions (for review, see Haas, 1989). Hoffman & 
Kregenow (1966) first described the ouabain-resistant net uphill Na 
extrusion from human erythrocytes. They called this pathway Tump 
IF and suggested that it may be mediated by some form of the ATP-
dependant Na-K pump. This observation was extended by Sachs 
(1971) who demonstrated that this net outward movement of Na 
could be inhibited by external K and the loop diuretic, frusemide. It 
was also reported that external Na could stimulate ouabain-resistant 
K influx into human erythrocytes (Beauge & Adragna, 1971). Wiley & 
Cooper (1974) demonstrated that ouabain-resistant Na influx was 
higher in the presence of external K and ouabain-resistant K influx 
was stimulated two-fold by external Na. Thus it was confirmed that 
synergism exists between the ouabain-resistant influxs of Na and K. 
Frusemide inhibited the cooperative effect. This study also showed 
that when the Na and K concentrations were varied in the incubation 
medium, the influx of Na and K showed a hyperbolic pattern 
suggesting that the influx is saturable. Frusemide was found to 
eliminate the saturable component. This suggested that SPC is a 
carrier-mediated transport system (Wiley & Cooper, 1974). 
Inhibitor studies showed that SPC can be inhibited by other 
loop diuretics. The diuretics in descending order of affinity are, 
bumetanide > piretanide > frusemide (Palfrey, Feit & Greengard, 
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1980). In human erythrocytes, the apparent values are 0.167，1.2, 
9.0 umol/1, respectively (Ellory & Stewart，1982). Other studies 
demonstrated that CI ions were important for the activation of SPC 
(Chipperfield, 1980; Dunham, Stewart & Ellory，1980). The 
dependance of SPC on internal concentrations of Na and K was 
investigated in another study (Garay, Adragna, Canessa & Tosteson, 
1981). It was found that the SPC was activated maximally when the Na 
and K concentrations were 90 and 20 mmol/1 of cells, respectively. It 
was also demonstrated that the activation curve for SPC as a function 
of internal Na concentration was sigmoidal (Garay et al, 1981) and a 
Hi l l cooperativity index of approximately 2 was obtained suggesting 
the presence of 2 binding sites for Na (Garay et al,1981; Garay, 
Nazaret, Hannaert & Price, 1983). It was also found that the 
simultaneous presence of K and L i on the inside of the cell was 
required for the activation of the SPC whereas cells loaded to contain 
only K, Na or L i failed to activate the SPC. Furthermore, it was 
confirmed that CI ions were essential for the Na-K SPC (Canessa et 
al, 1982). Studies on the stoichiometry of the SPC in human 
erythrocytes demonstrated that this system translocates lNa: lK:2Cl 
ions, simultaneously and bidirectionally in a cis mode. Physiologically, 
SPC plays a role in the regulation of cell volume and in the 
homeostasis of intracellular K concentration (Duhm & Gobel，1984; 
Chipperfield, 1986; Duhm, 1987). 
Forbush & Palfrey (1983) first synthesised ^H-bumetanide and 
studied its binding to dog kidney outer medulla. Since then, several 
studies of the binding of ^H-bumetanide and other loop diuretics to 
intact cells and membrane preparation have been performed (For 
review, see Haas, 1989). These studies have demonstrated that there 
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is considerable variability in the affinity and the number of binding 
sites between different tissues. A l l these binding studies have 
indicated，despite the tissue variability, that loop diuretic binding 
requires the simultaneous presence of Na, K and CI ions in the 
incubation medium. Absence of any one of the ions reduces diuretic 
binding. Moreover, the stimulatory effects of these ions on diuretic 
binding appear to reflect binding of these ions to their respective sites 
on the SPC. Studies have also demonstrated that CI ions in high 
concentrations inhibit the binding of ^H-bumetanide suggesting 
competition between the loop diuretic and CI ions for a common site 
(Haas, 1989). 
1.3.2 Sodium-Lithium Countertransport (SLC) 
Lithium salts are often used to treat patients with affective 
psychoses. In these patients, the erythrocyte intracellular L i 
concentration is about one third of that in plasma. This suggests a 
carrier mediated transport mode for L i into the cells. This observation 
led to the demonstration of coupling of lithium to sodium transport 
(Haas, Schooler & Tosteson, 1975). Subsequent studies on the sodium 
lithium exchange established that lithium is extruded out of the 
erythrocyte against its own concentration gradient if the external 
medium contains Na as the dominant cation but not in the presence of 
K, Rb，Cs，choline, Mg or Ca. It was also demonstrated that the net 
extrusion of L i is ouabain-insensitive, is inhibited by phloretin and 
does not require ATP. L i influx into human erythrocytes, however, 
had a ouabain-sensitive and ouabain-insensitive but a phloretin-
sensitive component. Na-dependant L i efflux is inhibited by phloretin, 
fnisemide, quinine and quinidine. When erythrocytes were loaded to 
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contain either only Na or only K, it was demonstrated that L i 
movements were stimulated by Na on the tram side and inhibited by 
Na on the cis side of the membrane (Pandey, Sarkadi, Haas, Gunn, 
Davis & Tosteson，1978). Studies on the kinetics and stoichiometry of 
Na-dependant L i transport in human erythrocytes showed that L i 
influx by this system is saturable with increasing concentrations of 
external L i and internal Na. L i influx plotted as a function of external 
L i or internal Na showed a hyperbolic pattern with no sign of 
sigmoidicity. The Km for internal L i and Na were 0.5 and 9.0 mmol/ l , 
respectively. Whereas the Km for external Na and L i were 25 and 1.5 
mmol/1, respectively. It was also demonstrated that the system 
performs a 1:1 exchange of Na and L i moving in opposite directions 
across the erythrocyte membrane ( Sarkadi, Alif imoff, Gunn & 
Tosteson, 1978). It was also shown that n-ethylmaleimide inhibited the 
SLC suggesting that thiol groups were involved in this pathway (Duhm 
& Becker，1979). Later, it was shown that pCMBS was inhibitory to 
the SLC (Canessa et al, 1982). 
1.3.3 Ouabain & Frusemide Insensitive Na+ 'leak' 
The ouabain and frusemide-insensitive sodium efflux of 
erythrocytes (Na+，leak，）is the efflux of sodium that remains when 
ouabain and frusemide are included to inhibit the sodium pump and 
the SPC, maximally (Garay et al, 1981). This net Na efflux shows 
linear dependance on internal Na content (not saturable) and 
independent of external Na and K content consistent with a 'ground 
membrane Na leak'. The exact chemical nature of this pathway is not 
known. Lew & Beauge (1979) have proposed that it represents the 
ground cation permeability of the erythrocyte membrane. However, 
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the magnitude of the Na fluxes by this pathway in human erythrocytes 
was one to two orders of magnitude greater than those of artificial 
lipid bilayers (Garay & Nazaret, 1985). This suggested that some 
membrane proteins were involved in the cation permeability of 
erythrocytes. Involvement of membrane proteins in cation leak was 
also found when increases in K leak was induced by oxygen free-
radicals (Maridonneau, Braquet & Garay，1983). 
1.3.4 Methods for the Determination of Passive Na Fluxes 
The methods used for the measurement of the passive fluxes of 
sodium viz SPC, SLC and Na+，leak’ are either based on saturating 
the internal binding sites of Na (Garay, Nazaret, Hannaert & Price, 
1983) or L i (Cannessa，Adragna, Soloman, Connolly & Tosteson， 
1980; Canessa et al, 1982; Canessa, 1989). Increasing the Na content 
to stimulate the SPC and SLC, maximally is achieved by nystatin 
treatment (pCMBS is inhibitory to SLC). After loading the cells with 
Na by nystatin treatment, the cells are washed repeatedly to remove 
extracellular Na. For the measurement of SPC, cells are incubated in 
an isotonic medium such as choline chloride or MgCl2 in the presence 
of ouabain and in the presence of ouabain and frusemide. SPC is the 
difference in the flux rate that is inhibitable by frusemide. For the 
measurement of SLC, cells are incubated in the same medium 
containing LiCl (15 mmol/1) to stimulate the SLC, maximally. Na+ 
'leak' is the efflux into the medium containing ouabain and 
bumetanide (Garay et al, 1983). 
In the L i loading method, washed erythrocytes are incubated at 
37^C for 3 hours in a LiCl (150mmol/l) solution to raise the 
intracellular L i concentration (to above 5 mmol/1) sufficient to 
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Stimulate the SPC and SLC, maximally. The L i loaded cells are 
incubated in NaCl (ISOmmol/l) and in choline chloride (or MgCl〗-
sucrose); the difference in the flux rates is SLC. If fmsemide or 
bumetanide is included in another set of tubes containing the choline 
chloride (or MgCl2-sucrose), the difference in the flux rates is SPC 
(Canessa et al，1982; Canessa, 1989). 
In the above methods, the maximal rates of SPC and SLC were 
determined. An alternative method is to determine the flux rates at 
levels that are close to those operational physiologically. At 
physiological intracellular Na concentrations, the flux rates due to 
SPC and SLC are proportional to the intracellular concentration. 
Under these conditions, the flux rates due to SPC and SLC can be 
treated as a first order system that can be described by a rate constant 
(Garay, Nazaret, Diez, Etienne, Bourgain & Braquet, 1984). Thus, 
washed erythrocytes are incubated in MgCl2-sucrose media 
containing a) ouabain b) ouabain plus bumetanide c) LiCl. The flux 
rate in efflux media a) minus b) is SPC, c) minus b) is SLC and those 
in medium b) is the Na+，leak，. The SPC, SLC and Na+ 'leak' 
divided by the intracellular sodium concentration gives the rate 
constant which is a measure of the activity of the various fluxes (Garay 
et al, 1984). 
1.4 Erythrocyte Sodium Transport and Thyroid Hormones 
Erythrocytes have been widely used in past as a model to the 
study the mechanisms that control intracellular ionic composition. 
This led several workers to examine situations when abnormalities of 
the sodium pump had been found in tissues such as liver, kidney and 
muscle. In humans, the erythrocyte is an easily accessible cell and 
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robust in nature. Because of these advantages, several workers have 
used erythrocytes as a model for the study of pathogenesis of many 
diseases and as a diagnostic tool. A detail account of the pathological 
conditions in which the Na pump of human erythrocyte have been 
investigated is beyond the scope of this thesis. However, examples 
include affective disorders (McHarg, Naylor & Ballinger，1983; Joffe, 
Blank, Berrettini & Post, 1986)，chronic renal failure (Cole, 1970; 
Swaminathan, Clegg, Cumberbatch, Zareian & McKenna, 1982) and 
obesity (De Luise, Blackburn, Flier, 1980; Hawkins, Whittaker, Wales 
& Swaminathan, 1984). Human erythrocyte enzymes have also been 
used as indices of nutritional status. As the life span of erythrocytes is 
120 days, changes seen in erythrocytes wil l reflect events that had 
taken place in the past 2-3 months (cf haemoglobin AIQ). On the 
other hand, human erythrocyte had been a very valuable cell for the 
study of inborn errors of metabolism such as glucose 6-phosphate 
dehydrogenase deficiency. Since, an "in born error" of sodium 
metabolism was suspected in hypertension, sodium transport 
characteristics have also been extensively studied in hypertension (for 
review, see Opie & Davey, 1986). 
Hyperthyroidism is another disorder where the Nafc of 
erythrocytes was studied. Boekelman (1958) found that Naic has been 
elevated in over 50% of the patients with hyperthyroidism and the 
mean value for Naj^ was higher than in control subjects. Since this 
report, several studies have confirmed that Naf^ is elevated in patients 
with hyperthyroidism. These reports listed chronologically are: Smith 
& Samuels (1970) Goolden， Bateman & Torr (1971) 
Kanagasabapathy, Kumar, Mathai, Saxena & Koshi (1973), Cole & 
Waddell, (1976)，Swaminathan, Chapman, Segall & Morgan，(1976), 
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Rubython, Cumberbatch & Morgan (1983), Khan & Baron (1987), 
Lam, Benson, Yeung & Wang, (1989). 
In an attempt to understand the mechanism of the increase in 
the Naic, several authors have determined the characteristics of the 
sodium pump. These could be grouped into studies on ouabain-
sensitive Na (Smith & Samuels, 1970; Rubython et al, 1983; Khan & 
Baron, 1987; Lam et al, 1989) and rubidium transport (Michels, Ober 
& Hennessy, 1981; De Luise & Flier, 1983; Suzuki & Fujino，1986; 
Khan & Baron, 1987). Of the studies on ouabain-sensitive efflux rate 
of sodium, Rubython et al (1983) and Lam et al (1989) showed a 
decrease whereas Smith & Samuels (1970) and Khan & Baron (1987) 
did not. Likewise, ouabain-sensitive efflux rate of Rb was shown to be 
unchanged in hyperthyroidism by Michels et al (1981) whereas others 
showed a decrease (De Luise & Flier, 1983; Suzuki & Fujino, 1986; 
Khan & Baron, 1987). However, there is unanimity in agreement that 
the ouabain-sensitive efflux rate constant for Na to be decreased in 
hyperthyroidism (Smith & Samuels, 1970; Rubython et al, 1983; Khan 
& Baron, 1987; Lam et al, 1989). 
Decreases in the activity of Na +，K+-ATPase have been 
demonstrated by several workers (Cole & Waddell, 1976; Sato, 
Kajiwara, Miyamori & Kato, 1982; Khan & Baron，1987). Similarly a 
decrease in the number of 〇BS with no change in the affinity for 
ouabain was reported in hyperthyroidism (Rubython et al, 1983; De 
Luise & Flier, 1983; Lam et al, 1989). 
Rubython et al (1983) demonstrated that the higher the plasma 
concentrations of total T4 and total T3, the greater was the decrease 
in the ouabain-sensitive efflux rate constant for Na (negative 
22 
coefficient of correlation). This was confirmed by Khan & Baron 
(1987) who also demonstrated that the ouabain-sensitive efflux rate of 
Rb, number of OBS, Na +，K+-ATPase activity and Nafc are related 
to the plasma concentration of free T4. On the other hand, Sato et al 
(1982) could not show a relationship between plasma levels of T4 and 
T3 and Na+，K+-ATPase activity in patients with hyperthyroidism. 
The effect of treatment on sodium transport characteristics has 
not been studied extensively. Sato et al (1982) determined Na +，K + -
ATPase activity serially in patients who were receiving anti-thyroid 
therapy and found that restoration of enzyme activity to levels found 
in control subjects took 3 months or more. De Luise & Flier (1983) 
studied two patients at 7 and 9 months, respectively after the initial 
measurement and found that the ouabain binding capacity and 
ouabain-sensitive Rb influx were similar to those found in healthy 
control subjects. These studies suggested that circulating cells are not 
affected by thyroid hormones. 
1.5 Thyroid Hormones and the Na Pump in Other Cells 
For almost a century, it has been known that thyroid hormones 
increase the metabolic rate of whole animals as well as tissues. In 
recent years, a direct stimulatory effect of T3 on energy consumption 
in primary cultures of rat hepatocytes (Ismail-Beigi, Bissell & 
Edelman, 1979) and in a Tg-responsive cell line have been 
demonstrated (Gregg & Edelman，1986). 
Although several mechanisms have been proposed for the 
thermogenic effect of thyroid hormones, it is now generally accepted 
that increased Na transport is responsible for thyroid thermogenesis 
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(for review, see Guernsey & Edelman, 1983). There has been some 
debate about the energy required for active Na transport (for review, 
see Milligan & McBride，1985). Recent estimates of the energy 
required for active Na transport ranged from 20 to 45% of the total 
energy consumption (Swaminathan, Chan, Liu, Ng, Ng, Chan, 1989). 
I f such were the case, even a modest stimulation of active Na 
transport by thyroid hormone should be reflected in increments in 
oxygen consumption. This has been confirmed in a variety of tissues 
(Guernsey & Edelman, 1983). 
In order to understand the mechanism of enhancement of 
active Na+ transport mediated oxygen consumption by thyroid 
hormone, the effect of the hormone on the enzymic equivalent of 
sodium pump, Na +，K+-ATPase activity was examined in a variety of 
laboratories. Kinetic studies on the Na + ,K+-ATPase activity and 
determination of number of sodium pump units, as assessed by "^H-
ouabain binding sites were performed in thyroid hormone-responsive 
tissues and cell lines in culture. 
Ismail-Beigi & Edelman (1970,1971) found that there were 
increases in the Na+,K+-ATPase activity in crude homogenates of 
liver and kidney cortex of rats injected with T3. Asano, Liberman & 
Edelman (1976) confirmed this finding in rat skeletal muscle and 
showed that T3 caused an increase in the maximal rate (Vmax) of 
Na+,K+-ATPase activity. It was also demonstrated that increments 
in active Na+ transport mediated oxygen consumption were 
concomitant with those of the Na +，K+-ATPase activity and the 
increases were T3 dose-dependant (Asano et al, 1976). Studies on rat 
kidney cortex confirmed that the increases in the Vmax of the 
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Na+，K+-ATPase activity was as a result of increases in the number of 
ouabain binding sites (number of enzyme units) rather than due to a 
modification of the existing enzyme units (Lo, August, Liberman & 
Edelman，1976). This was also confirmed in other tissues such as the 
rat myocardium (Philipson & Edelman, 1977). Similar studies using a 
variety of tissues and confirmed that T3 enhances the active Na+ 
transport by de novo synthesis of the Na + ’K+-ATPase units rather 
than by activation of the existing units (Rahimfar & Ismail-Beigi， 
1977; Lin & Akera, 1978; Liberman, Asano, Lo & Edelman，1979). It 
is interesting to note that in the cerebral cortex which is not a 
thermogenic responsive tissue, T3 does not cause augmentation of 
active Na+ transport nor in the Na + ,K+-ATPase activity (Lin & 
Akera, 1978). 
Studies on tissues from hyperthyroid patients, not surprisingly 
have been scarce. In 1984，Clausen and his co-workers determined the 
number of OBS in skeletal muscle (vastus lateralis) obtained by 
needle biopsy from hyperthyroid patients. They showed that the mean 
number of OBS in patients with hyperthyroidism was almost twice 
that found in healthy controls. Furthermore, they demonstrated that 
the increases in the number of OBS was directly proportional 
(positive coefficient of correlation) to their thyroid status as assessed 
by the free T4 index. This study also demonstrated that the number of 
OBS returned to values found in euthyroid controls after treatment. 
However, the time span required for the reversal was not shown as 
the hyperthyroid patients were studied after 8 and 10 months after the 
initial measurement (Kjeldsen, Norgaard, Gotzsche, Thomassen & 
Clausen, 1984). 
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The only other study on humans was on leucocytes. Khan & 
Baron (1987) used mixed leucocytes as a model to study electrolyte 
status in hyperthyroidism. They found that Na + ,K+-ATPase activity, 
^H-ouabain binding capacity and total and active rubidium flux rates 
were increased in hyperthyroidism; active sodium efflux rate and 
efflux rate constant were also increased. There were however, no 
change in the intracellular sodium and potassium concentrations of 
leucocytes. After treatment, all the values returned to normal (Khan 
& Baron, 1987). 
Thus, muscle and leucocytes from patients with 
hyperthyroidism respond to thyroid hormones in a manner similar to 
tissues from animals treated with thyroid hormones. 
1.6 Mechanism of T3 Induced Increments of the Sodium Pump/Na+,K + -
ATPase Activity 
The mechanism by which thyroid hormone augments the active 
transport of Na and K across the cell membrane is not known. The 
increases in the Na + ,K+-ATPase activity per se may be secondary to 
increases in the passive permeability of the plasma membrane to Na 
and K ions. In some earlier studies, in vivo treatment with T3, resulted 
in a rise in Na^c and a fall K{Q in skeletal muscle of rat and mouse 
(Ismail-Beigi & Edelman, 1970, 1973; Biron et al, 1979). In 1982, 
Haber & Loeb investigated the effect of T3 on passive permeability. 
They injected rats with T3 on alternate days for a total of 3 doses and 
removed the diaphragm. The diaphragms were preloaded with ^'^K 
and incubated in a K+-free medium, and the fractional rate of efflux 
of 42k was determined. T3 treated rats showed statistically significant 
increases in the rate constants for the passive efflux of ^^K whether in 
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the presence or absence of ouabain. This study showed that the 
primary effect of T3 administration is to increase the passive 
permeability of the membranes down the electrochemical gradient 
(Haber & Loeb, 1982). Subsequently, similar studies were done with 
rat liver slices. In these studies, the time course of the enhancement of 
the passive fluxes and the stimulation of the Na +，K+-ATPase activity 
were examined (Haber & Loeb, 1984). Rats were injected with T3 at 
various times, killed and the tissue slices examined for ^ ^ k efflux and 
Na+’K+-ATPase activity. It was demonstrated that there was a 
statistically significant increase in the passive efflux as early as 6 hours 
after the administration of T3. Passive K efflux continued to rise and 
reached a plateau after 12 hours. In contrast, the Na + ,K+-ATPase 
activity showed a significant increment only at 24 hours and continued 
to increase up to 48 hours (Haber & Loeb，1984). In hypothyroid rats 
given a low dose of T3 (lug/lOOg body weight) for two weeks it was 
shown that passive efflux of ^^Rb from liver slices could be increased 
by 55% with no change in the Na+，K+-ATPase activity. However, 
injection of a large dose of T3 (50pg/100g body weight) on days 1，3 
and 5 caused an increase in the Na +，K+-ATPase activity in the livers 
of hypothyroid rats on day 6 (Haber & Loeb, 1986). I f the early effect 
of T3 is an increase in passive efflux of K + which in turn leads to 
augmentation of Na+，K+-ATPase activity, there should be a 
corresponding increase in the passive influx of Na. The desirability of 
testing such a hypothesis was facilitated by a Tg-responsive cell 
culture system such A R L 15 derived from rat liver (Gregg & 
Edelman, 1986). Using this cell line, it was shown that ouabain-
inhibitable 秘Rb uptake was accompanied by increases in passive 
^^Na influx and 秘Rb efflux. Moreover, the enhancement of ^^Na 
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and 86Rb fluxes were accompanied by smaller and equivalent 
increases in the Na+,K+-ATPase activity and in maximal ouabain-
sensitive ^^Rb uptake, with no change in the frusemide-sensitive or in 
fmsemide- and ouabain-insensitive ^^Rb uptake. Naic and Kic were 
largely unaltered by T3 in this cell line. I t was found that 
enhancement of ^^Na influx was abolished by amiloride, a Na+ 
channel blocker and inhibitor of the N a + / H + exchange pathway 
(Ismail-Beigi, Haber & Loeb, 1986). Another continuous cell line, 
Clone 9，derived from rat liver enabled detailed studies to be 
performed. This cell line was found to be an order of magnitude more 
sensitive to T3 than the of A R L 15 cell line. Studies using this cell line 
confirmed that enhancements in the passive efflux of K were preceded 
by increases in the Na +，K+-ATPase activity. These effects were 
abolished by pretreatment of the cells with actinomycin D and 
cycloheximide - potent inhibitors of mJRNA and protein synthesis 
suggesting that the nucleus is the site of action of thyroid hormone 
(Haber et al, 1988). Kjeldsen, Everts & Clausen (1986) have 
confirmed that in rat skeletal muscle the early event after T3 
administration is the augmentation of passive efflux of ^^Rb. 
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1.7 Aims of the Project 
It has been shown that thyroid hormones augment active Na 
transport in a variety of animal tissues. In muscle and leucocytes from 
hyperthyroid patients, similar enhancement was demonstrated. 
However in contrast to the erythrocytes where there is a decrease in 
the active Na transport. The reason for this paradoxical effect of 
thyroid hormones on mature erythrocytes is not known. De Luise & 
Flier (1983) have suggested that it is due to increased loss of 
membrane proteins as thyroid hormones accelerate the degradation 
of a number of cell proteins. On the other hand, Rubython et al 
(1983) have suggested that thyroid hormones inhibit the synthesis of 
the sodium pump in the bone marrow. 
The aim of the project was to study the effect of thyroid 
hormone on erythroid cell series and to examine the possible 
mechanism of the observed changes in the sodium pump seen in the 
mature erythrocytes in hyperthyroidism. 
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Chapter 2 
Erythrocyte Sodium Fluxes, OBS and 
Na +，K+-ATPase Activity in Hyperthyroidism 
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2.1 PREAMBLE 
It has been well known that in hyperthyroidism erythrocyte 
sodium pump sites are decreased whereas they are increased in 
muscle and leucocytes. In the erythrocyte, there are other pathways of 
sodium transport which do not depend on energy. These comprise of 
the following: 
1. SLC which is a carrier mediated transport of one internal 
sodium for one external sodium. 
2. SPC a carrier mediated bidirectional transport of one sodium, 
one potassium and two chloride ions. 
3. the ouabain and bumetanide insensitive Na+ 'leak'. 
In this chapter, in order to determine whether thyroid 
hormones decrease all protein mediated pathways of sodium, the 
sodium pump characteristics, the SLC, SPC and Na+ 'leak' were 
determined in erythrocytes from hyperthyroid patients and control 
subjects. 
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2.2 MATERIALS & METHODS 
2.2.1 Materials 
^H-ouabain, specific activity 22Ci/inmol (814 GBq/mmol) was 
obtained from Amersham International PLC, U K. Ouabain, Tris, 
MOPS, ATP and haemoglobin standards were purchased from Sigma 
Chemical Co., U S A . Bumetanide was donated by Jebsen & Co Ltd 
(agents for LEO Pharmaceuticals). A l l other chemicals were of，A R， 
or，G R' grade and purchased from B D H Chemical Co, Poole, 
Dorset, U K or E Merck, Darmstadt, F R G, respectively. 
2.2.2 Subjects 
Eighteen hyperthyroid patients and twenty control subjects 
were studied. A l l were Chinese descendants from the southern 
Chinese province of Guangdong. Hyperthyroid patients were 
attending the L i Ka Shing out-patient specialist clinic at the Prince of 
Wales Hospital, Shatin, New Territories, Hong Kong. A l l were 
clinically hyperthyroid and this was confirmed biochemically by 
plasma thyroid hormone analysis. Control subjects were clinically and 
biochemically euthyroid and were not receiving any medication. A l l 
the patients and some of the control subjects were recruited by Dr C S 
Cockram, Senior Lecturer in Endocrinology, Prince of Wales Hospital 
whilst the other control subjects were healthy hospital staff. Informed 
consent was obtained from all the subjects. A l l hyperthyroid subjects 
were studied before treatment. Each subject's age, height, weight and 
blood pressure were also recorded. 
Eleven of the hyperthyroid patients were studied before and 
after treatment with antithyroid drugs for 20 to 38 weeks. A few of 
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these patients were studied longitudinally, at the times when they 
were seen at the clinic for follow-up. 
2.2.3 Blood Specimen 
Thirty ml of venous blood was collected from an antecubital 
vein between 1000 and 1350 hours. Two ml was transferred to 
K2EDTA tubes and the remainder into lithium heparin tubes. Blood 
was kept on ice until the plasma was separated. 
2.2.4 Separation of Erythrocytes from Whole Blood 
Venous blood collected into lithium heparin tubes was 
厂T 
centrifuged at 500g for 10 minutes in a Heraeus Christ (Digifuge^^) 
centrifuge at room temperature. The plasma and buffy coat were 
removed; the plasma was used for the measurement of thyroid 
hormones, electrolytes, urea and creatinine. The erythrocytes were 
used for sodium transport studies. 
2.2.5 Erythrocyte Nafc and K^c 
Packed erythrocytes (sec 2.2.4) were washed three times to 
remove trapped plasma. An aliquot of the packed cells (1ml) was 
transferred to a 25 ml universal tube, 20 ml of ice cold MgCl2 
(llOmmol/1, osmolality 285-295 mOsm/Kg water) was added and 
mixed thoroughly by inverting the tube several times. The tube was 
centrifuged and the supernate aspirated and discarded using a Venturi 
pump. This was repeated twice. The washed red cells, 0.1 ml, were 
lysed with 4.9 ml of CsCl (1.5mmol/l) and centrifuged at 500g for 10 
minutes. The Na+ and K + concentrations in the haemolysate were 
determined by flame emission spectrometry (Model IL-943, 
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Instrumentation Laboratories Inc, Lexington, M A, USA). 
Haemoglobin concentration in the haemolysate was determined in a 
centrifugal analyser( Cobas-Bio™, Roche Diagnostica, Basle, 
Switzerland) following conversion to cyanmethaemoglobin by 
Drabkin's reagent (2.5g NaHC〇3, 0.125g KCN and 0.5g of 
K3Fe(CN)5 in 11 of DDW) using haemoglobin standards dissolved in 
the same reagent. 
The Naic or Kf。per litre of red cells was calculated using the 
MCHC of the original blood sample (Dade & Lewis, 1984a): 
Na/c (Kic) = Na+ for K + ) in haemolvsate x MCHC 
(mmol/1) Hb concentration in haemolysate 
2.2.6 Ouabain-sensitive sodium transport 
The non-radioactive method employed for the determination 
of ouabain-sensitive transport of sodium is based on the observation 
that when excess ouabain is added to whole blood, the Najc rises due 
to inhibition of the ouabain-sensitive efflux of sodium whilst the influx 
remains unchanged (Cumberbatch & Morgan，1978; Rubython et al, 
1983). The rate of increase of Naf^, therefore constitutes a measure 
of the ouabain-sensitive efflux rate (/q) and, when expressed as a 
fraction of the original Naj。，gives the measure of the ouabain-
sensitive efflux rate constant (k。). 
The procedure was as follows: 0.5 ml of whole blood is 
incubated in triplicate with ouabain (10 mmol/1) or with saline (0.154 
mol/1, solvent for ouabain) for 2 hours at 37^C in a shaking waterbath 
. A t the end of the incubation the tubes were transferred to an ice 
water bath to arrest the influx of sodium and 1.5 ml of ice cold MgCl2 
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(110 mmol/l, osmolality 285-295 mOsm/Kg) was added. The tubes 
were mixed thoroughly on a vortex mixer and centrifuged in an 
Eppendorf centrifuge (Model 5413) for 3 minutes. The supernate was 
aspirated and discarded by suction with a Venturi pump. This washing 
was repeated twice ( a total of 3 washes). After the final wash, 0.1ml 
of packed red blood cells were lysed with 4.9 ml of CsCl (1.5mmol/l) 
and the tubes centrifuged at 3000g for 10 minutes (Jouan Centrifuge, 
Model CR 3000). The Na+ and haemoglobin concentrations in the 
haemolysate were determined and the Naic calculated as described in 
section 2.2.5. 
The rate of increase of intracellular sodium in the presence of 
ouabain was used to derive the ouabain-sensitive efflux rate constant 
(kg) as follows: 
Efflux rate constant (k。）二 /〇 / 施/c 
2.2.7 Determination of Na +，K+ -ATPase activity 
Na + ,K+-ATPase activity was determined as the difference in 
the rate of release of Pi from ATP in the presence and absence of 
ouabain was determined as described by Cumberbatch et al (1981). 
Packed erythrocytes (section 2.2.4) were haemolysed by 
freezing and thawing three times in dry ice/methanol mixture. An 
aliquot of the haemolysate was incubated in a buffer solution whose 
final concentrations were (mmol/l): ATP 2，NaCl 100，KCL 25， 
MgCl2 3 and EGTA 1. Incubation was carried out in triplicate. To 
one set of tubes in triplicate ouabain (10 mol/1) was added to inhibit 
maximally the Na +，K+-ATPase. The mixture was incubated for 2 
hours at 37^C in a water bath. At the end of this period, the tubes 
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were transferred to an ice water bath and trichloroacetic acid (0.6 
mol/1) was added to stop the reaction. The tubes were mixed 
thoroughly on a vortex mker and centrifuged in an Eppendorf 
centrifuge (Model 5413) for 5 minutes. The Pi concentration in the 
supernate was determined by the method of Daly & Ertinghausen 
(1972) using a centrifugal analyser (Cobas-BIO™). The 
haemoglobin concentration in the haemolysate was also determined 
as described in section 2.2.5. The ATPase activity was calculated as 
mmol Pi liberated per hour per litre red blood cells using the MCHC 
of the original blood sample (Dade & Lewis，1984a). Na +，K+-
ATPase activity was calculated from the difference between the total 
and ouabain-insensitive ATPase activities. 
2.2.8 Determination SPC, SLC and Na+ 'leak' 
SPC, SLC and Na+ 'leak' were determined simultaneously by 
the method of Garay et al (1984). The principle of the method is 
based on the observation that when erythrocytes ( or cells) are 
incubated in an isotonic sodium free medium containing ouabain to 
inhibit maximally the sodium pump, the efflux of sodium from the 
erythrocytes into the incubation medium depends on other pathways 
and these can be inhibited or stimulated. If bumetanide is included in 
the medium to inhibit maximally the SPC, the difference in the efflux 
rates in the presence and absence of bumetanide is the efflux due to 
SPC. Likewise, if LiCl is included in the incubation medium to 
stimulate maximally the SLC, the difference in the efflux due to SLC 
can be measured. Na+ 'leak' is the efflux of sodium into an 
incubation medium when the sodium pump and SPC have both been 
maximally inhibited. 
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The washed erythrocytes were resuspended at a packed cell 
volume (PCV) of 20-25% in an ice cold medium containing (mmol/1) 
75 MgCl2, 85 sucrose, 10 glucose and 10 Tris-MOPS pH 7.4 
(suspension medium). The PCV of this red cell suspension was 
determined by the microhaematocrit method (Autocrit II). Aliquots 
(0.5ml) of this suspension were incubated with 2.0 ml of (a) 
suspension medium plus ouabain (0.1 mmol/1) (b) suspension 
medium plus ouabain (O.lmmol/1) and bumetanide (0.02mmol/l), and 
(c) suspension medium containing LiCl (lOmmol/1), ouabain (0.1) 
and bumetanide (0.02). A l l tubes were set up in duplicate. One set of 
tubes was kept in an ice water bath for the determination of external 
sodium at zero time and the other set of tubes was transferred to a 
water bath at 37^C for incubation. Following incubation, the tubes 
were rapidly cooled by transferring to an ice water bath and 
centrifuged at 500g for 5 minutes in a refrigerated centrifuge at 
The supernate was aspirated with a plastic pastuer pipette and 
transferred to another set of tubes. Sodium concentrations in the 
supernate were determined by flame atomic absorption spectrometry 
(Varian Techtron Pty Ltd, Melbourne, Australia, Model AA-1475). 
Standards were prepared in suspension medium or in suspension 
medium containing LiCl (lOmmol/1) as appropriate. 
For each of the three incubations a regression line of sodium 
concentration versus time was plotted and the coefficient of 
regression (s) calculated. The rate of efflux of sodium (mmol Na/h/1 
RBC) was calculated using the formula : 
Rate of efflux of sodium = s x [2.5-r0.5xPCV)] x 10'^ 
(O.SxPCV) 
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where 2.5 is the total volume of the incubation mixture (ml), 
0.5 is the volume and PCV is the packed cell volume of the 
erythrocyte suspension, respectively. 
SPC was derived from the difference between the efflux rates 
of sodium into media a and b. SLC was calculated from the difference 
in the efflux of sodium into media c and b. The efflux of sodium into 
medium b measured Na+ 'leak'. The rate constants for SPC, SLC and 
Na+ 'leak' were derived by dividing their respective efflux rates by 
the Naic (Section 2.2.5) as described for the ouabain-sensitive efflux 
rate constant (Section 2.2.6). 
2.2.9 Determination of OBS and its Kd 
Saturable Binding - Theoretical Considerations 
The method for studying saturable binding of a ligand relies on 
the principle that a ligand will bind reversibly and stereospecifically to 
a receptor in a stoichiometric and concentration dependant manner, 
obeying the law of mass action. This will result in the receptor being 
fully saturated by the ligand under equilibrium conditions. Binding of 
the ligand to other non-receptor sites will be non saturable and is 
usually determined in the presence of excess ligand. Thus, the cardinal 
aspect for the study of saturation binding requires that the ligand 
under consideration is not in excess and that the number of saturable 
binding sites is determined by extrapolation at a free ligand 
concentration approaching infinity. The saturation binding curve for 
specific ligand binding (total minus non-specific) analysed according 
to Scatchard (1949) gives an estimate of the affinity of the ligand (K^j) 
and an extrapolated determination of the maximum number of 
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receptors (Bmax). In Scatchard analysis of binding data, the ratio 
between bound and unbound (free) is plotted against the 
concentration of occupied binding sites (bound). When the interaction 
between the ligand and receptor obeys the law of mass action, a linear 
relationship exists between the ratio of bound/free and bound which 
can be expressed by the equation: 
Bound 二 -K^ (bound/Free) + B^iax 
Thus, Kd and B^iax can be determined experimentally by 
measuring the amount of ligand in equilibrium at varying 
concentrations of the ligand. 
The method for the determination of OBS was based on that 
used by Gardner & Conlon (1972) with modifications. Packed 
erythrocytes (section 2.2.1) were washed three times with ice cold 
MgCl2 as described in section 2.3.2. The washed erythrocytes were 
resuspended at a haematocrit of 15-20% in a potassium free buffer 
containing (mmol/1): NaCl 150, glucose 10 and Tris-HCl 10, pH 7.4. 
An aliqout of this suspension was used for the determination of 
erythrocyte counts in the Coulter S-Sr haematology analyser and the 
remainder used for the determination of OBS. 0.5 ml of this 
suspension was incubated with 20ul of ^H-ouabain (final 
concentration 7.4 nmol/1) together with different concentrations of 
non-radioactive ouabain ranging from 0.925 nmol/1 to 0.185 pmol/l. 
Nine different concentrations of ouabain were used for Scatchard 
analysis. The total volume of the incubation mixture was 0.54 ml. To 
determine non-specific binding, cells were incubated in the presence 
of excess ouabain (10 mmol/1). Following incubation at 37^C for 4 
hours in a shaking water bath, an aliquot (0.1ml) of the cells was 
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transferred to Eppendorf tubes (2.2ml). From each incubation, 3 
aliquots were removed. Ice cold MgCl2 (1.8ml) was added to the 
tubes with a dispenser and mixed thoroughly on a vortex mixer. The 
tubes were centrifuged in an Eppendorf centrifuge for 3 minutes and 
the supernate aspirated and discarded with a Venturi pump. This 
washing was repeated twice. Bound ouabain was extracted by 
deproteinising the erythrocytes by adding 0.1ml of perchloric acid 
(1.7mol/l) and mixing thoroughly on a vortex mixer. The tubes were 
centrifuged in an Eppendorf centrifuge for 3 minutes and the 
supernate transferred to a scintillation vial. This extraction procedure 
was repeated twice. The pooled extracts were counted with 5ml of 
Beckman Ready-solvTM scintillation fluid in a liquid scintillation 
counter (Beckman Instruments Inc, Model LS 9800, Fullerton, CA， 
USA). Quench correction was accomplished using the external 
standard technique available in the liquid scintillation counter. 
In the external standard technique, a high-energy gamma 
source, such as l”Cs， is automatically positioned near the sample 
vial. The sample is irradiated with gamma rays. These gamma rays 
interact with the scintillation solution produces a continuum of 
scattered electrons. These scattered electrons are called Compton 
electrons, which can also excite solvent molecules to produce photons. 
Thus, the Compton electrons which originated from the external 
gamma source can generate photons in a manner analogous to 
internally dispersed radioactive sample. If quenching is present, the 
resulting Compton pulse height distribution is affected in the same 
manner as the light distribution of the radioactive sample. Thus, the 
true quench level of any sample can be expressed as a shift in the 
Compton edge of the sample relative to an unquenched sample. The 
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difference in channel settings, between the Compton edges of a 
quenched and an unquenched sample represents the degree or extent 
of quenching. The procedure for external standard technique for 
quench correction is as follows: A series of quench standards which 
contains the same type of isotope as in the sample whose 
disintegrations per minute (DPM) is known, are prepared and 
counted to determine count rates - counts per minute (CPM). The 
efficiency of the counting is determined [(CPM/DPM)xlOO]. The 
Compton edge (known as H-numbers) is determined for each 
standard containing increasing amounts of the quenching agent and a 
quench curve generated which relates the counting efficiency of each 
standard to its corresponding H-number. This quench curve is 
permanently stored in the microprocessor of the scintillation counter. 
When a sample of unknown quantity of quenching agent is counted, 
the H-number is determined. The H-number is then used to 
determine the level of quenching and a correction is made. 
Data Calculation: 
At each ouabain concentration, the non-specific binding was 
deducted from the observed counts and the amount of bound ouabain 
was calculated. Total counts minus those bound gave the free amount 
of ouabain present in the medium. Thus, the ratio between bound and 
free was then derived. The figures were plotted with the concentration 
of bound ouabain on the ordinate and the ratio of bound to free on 
the abscissa. The slope and intercept were estimated by linear 
regression analysis using the method of least squares. The total bound 
ouabain was estimated from the intercept on the ordinate which was 
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corrected for the number of erythrocytes used in the incubation 
medium to obtain the number of 〇BS per erythrocyte. 
2.2.10 Plasma Thyroid Hormone Analyses 
Plasma concentrations of total T4 were determined by an 
enzyme multiplied immunoassay (EMIT^ , Syva Co, Palo Alto, CA, 
USA). Total T3, free T4 and free T3 were measured by radio 
immunoassay using commercial kits obtained from Diagnostic 
Products Corporation (LA,USA). 
2.2.11 Determination of Plasma Concentrations of Sodium, Potassium, Urea 
and Creatinine 
Al l the above tests were carried out on the Para l le l^^ 
(American Monitor Corporation, IN, USA) using standard automated 
methodologies. 
2.2.12 Determination of Hb concentration, Leucocyte and Erythrocyte Counts, 
and MCV. 
Blood collected in K2EDTA tubes was used for the 
determination of Hb concentration, leucocyte and erythrocyte counts 
and MCV in a Coulter S-Sr haematology analyser (Department of 
Haematology, Dept of Anatomical and Cellular Pathology); PCV, 
M C H and MCHC were then derived. 
2.2.13 Assessment of the Precision of the Methods 
The precision of a method is usually assessed by replicate 
determination of a sample and by determining the mean and standard 
deviation of the estimates. The standard deviation divided by the 
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mean is the coefficient of variation which is measure of the precision 
of the method. In the absence of sufficient material for multiple 
analyses, the precision can be determined by assaying a sufficient 
number specimens in duplicate and calculating the difference (d) 
between the duplicates . The standard deviation of a series of 
duplicates can then be calculated thus: 
Standard Deviation (SD^up) = / 2N) 
where N is the number of duplicates. The analytical coefficient of 
variation of the method is then the analytical standard deviation 
divided by the mean result of all the specimens (Broughton, 1978). 
The precision of the methods used in this chapter (analytical 
coefficient of variation) was assessed by assaying specimens in 
duplicate. Results are shown in table 2.1 
2.3 STATISTICS 
Because it was not possible to ascertain departures from 
Gaussian distribution due to the small number of subjects, non-
parametric statistics were used to analyse the data. Results are given 
as median and range. The Mann-Whitney U-test was used to assess 
the difference between the results for hyperthyroid patients and 
control subjects. The Wilcoxon's signed rank test was used to assess 
the effect of treatment in 11 of the 20 patients. The Spearman rank 
coefficient of correlation was used to evaluate the relationship 
between two variables. A l l calculations were carried out using the 
Abstat^ statistical computer program on a personal computer. Partial 




Precision of the Methods (Analytical CV) 
Method Analytical CV % N 
Naic 3.0 44 
Kic 3.4 42 
fo 8.0 42 
ko 12.1 42 
Na+，K+-ATPase activity 12.5 42 
SPC 19.7 40 
k SPC 18.2 40 
SLC 14.9 38 
kSLC 16.4 38 
Na+，leak， 11.6 40 
kNa+，leak， 14.2 40 
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2.4. RESULTS 
2.4.1 Determination of the Concentration of Ouabain in a Stock of ^H-ouabain. 
Some studies have shown that the specific activity (and hence 
the ouabain concentration) was different from that specified by the 
supplier (Akera & Cheng, 1977; Wallick & Schwartz, 1988). 
Therefore, the concentration of ouabain in the ^H-ouabain supplied 
by the manufacturer was determined as described by Gardner & 
Conlon (1972). A 250 pCi phial of ^H-ouabain as supplied by the 
manufacturer (22 Ci/mmol, 814Gbq/mmol) and claimed to contain 
11.36 nmoles of ouabain, was evaporated under nitrogen and 
dissolved in 3 ml of NaCl (0.154 mmol/ l) . The resulting concentration 
of ouabain in this stock solution would amount to 3.8 pmol/1 
according to the manufacturers specifications. To determine the 
concentration of ouabain in this stock solution accurately, binding of 
radioactivity to erythrocytes in the presence of constant amount of 
•^H-ouabain and varying concentrations of ouabain were carried out. 
20 j i l of the stock solution of ^H-ouabain was incubated with 
0.5ml of an erythrocyte suspension and increasing amounts of non-
radioactive ouabain ranging from 0.0 -0.5 i imol/1 for 4 hours at 37^C 
in a total volume of 0.54ml. The bound ouabain was extracted and 
counted as described in section 2.2.9. The bound ouabain was 
expressed as a percentage in the absence of non-radioactive ouabain 
and plotted on the ordinate against the concentration of ouabain on 
the abscissa (Figure 2.1). A t 50% binding, an equivalent amount of 
ouabain is present in the incubation medium. This was the true 
concentration of ouabain in the stock ^H-ouabain which equated to 
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Figure 2.1 
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0.074 | imol/ l . Therefore the concentration of ouabain in ^H-ouabain 
was calculated thus: 
Concentration of ouabain = 0.074 umol/1 x (540/20) 
=2 .0 pmol/1 
where 20 pi is the volume of ^H-ouabain used and 540 u l is the 
volume of the incubation mixture. This value of 2 pmol/1 was used in 
all future calculations. This value is 53% of the specified value (3.8 
pmol/1). Discrepancies of similar order of magnitudes were reported 
by Akera & Cheng，（1977) and Wallick & Schwartz (1988) however 
Gardner & Conlon (1972) found that there was agreement between 
the determined value and that specified by the manufacturer. 
2.4.1.1 Effect of Incubation Time on Binding of Ouabain to Erythrocytes 
A t low concentrations longer times of incubation are required 
for ouabain to reach equilibrium binding. Therefore the time of 
incubation was varied in order to determine the time required for 
ouabain to reach equilibrium. Erythrocytes f rom one individual were 
washed, resuspended and incubated with 5 and 8 pmoles of ouabain 
for varying times. The bound ouabain was extracted and counted as 
described in section 2.2.7. Figure 2.2 shows the results obtained at 
two different ouabain concentrations. The amount of bound ouabain 
increased and reached equilibrium after 3 hours of incubation. From 
this experiment, an incubation time of 4 hours was chosen for all 
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2.4.1.2 Scatchard Plots of Bound Against Ratio of Bound to Free. 
Since the cardinal aspect of the analysis of equil ibrium binding 
data according to the method of Scatchard (1949) is that the ligand 
does not saturate the binding sites，the concentration of ouabain was 
varied in order to ascertain the appropriate range to be used. Typical 
results of an experiment are shown in figure 2.3. The results showed 
that the binding increased with increasing concentrations of ouabain 
used and reached a plateau at 50 pmoles. When this data was 
analysed and plotted (Figure 2.4) according to the method of 
Scatchard (1949)，the number of OBS was estimated to be 241 per 
erythrocyte and the K ^ was 2.02 nmol/L In all subsequent 
experiments, the concentrations of ouabain used in this assay were 
employed. 
2.4.2 Establishment of the Method for the Simultaneous Determination of SLC, 
SPC and Na +，leak，. 
The time course of efflux of sodium into the three media as 
described in section 2.2.6 was investigated. Figure 2.5 a-c shows the 
results obtained for Na+，leak，from two healthy subjects. The efflux 
of sodium into the three media was linear up to 3 hours. Since 
adequate amounts sodium was found in the incubation medium, it was 
decided to perform the incubations at 1 hour for efflux of sodium into 
suspension media containing LiCl, and 2 hours for efflux into 
suspension media containing ouabain and ouabain and bumetanide as 
described by Garay et al (1984). 
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Figure 2.3 
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Figure 2.5 
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2.4.3 Descriptive Statistics of the Subjects in the Study 
The number of subjects, their sex, age, weight, height, body 
mass index, systolic and diastolic blood pressures are shown in table 
2.2 for both control subjects and hyperthyroid patients. 
There were no differences in the median or in the distribution 
of age, height or body mass index between control subjects and 
hyperthyroid patients. Both the systolic and diastolic BFs were 
significantly higher in hyperthyroid patients than in control subjects. 
The difference in the weight was not significant. 
2.4.4 Plasma concentrations of T4，T3, free T4, and free T3 in control subjects 
and hyperthyroid patients (table 2.3) 
Plasma concentrations of T4，T3, FT4 and FT3 were all 
statistically significantly higher in patients with hyperthyroidism when 
compared to control subjects. The range of values for all the plasma 
concentrations of thyroid hormones overlapped with those found in 
healthy subjects. This is because, two of the eighteen patients had 
elevations in plasma concentrations of T3 and FT3 with the plasma 
concentrations of T4 and FT4 within the reference range for healthy 
controls subjects. 
2.4.5 Plasma Concentrations of Sodium, Potassium, Urea, Creatinine and 








N 20 18 
F / M 16/4 15/3 
Age(Yrs) 31 28.5 NS 
(20-50) (17-51) 
Weight (kg) 51.3 52.0 NS 
(40.0-80.0) (37.5-59.8) 
Height(m) 1.61 1.61 NS 
(1.50-1.76) (1.46-1.72) 
Body Mass Index 19.1 19.6 NS 
(Kg m-2) (16.1-28.0) (16.2-24.0) 
Systolic BP 105 115 * 
(mm Hg) (90-140) (100-160) 
Diastolic BP 70 70 * 
(mm Hg) (60-80) (60-90) 
* p < 0.05 Significance of difference between the two groups by Marni-
Whitney U-test. 
NS No significant difference 
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Table 2.3 
Plasma Concentrations of T4, T3, free T4 and free T3 in control 
subjects and hyperthyroid patients [Median and (range):. 
Control Hyperthyroid 
Subjects Patients 
N 20 18 
Plasma T4 (nmol/ l) 91.5 199.5 *** 
丄 ( 4 6 - 1 4 0 ) ( 4 0 - 1 4 8 ) ( 5 9 - 4 5 8 ) 
Plasma T3(nmoi/ l ) 1.6 7.3 *** 
乂 1 . 0 - 3 . 1 ) (1.3-2.7) (2.5-20.5) 
Plasma FT4 (pmol/1) 19.9® 60.1 
丄 ( 7 . 0 - 2 1 . 8 ) ( 1 0 . 2 - 2 8 . 9 ) ( 1 0 . 2 - 1 2 2 ) 
Plasma FT3 (pmol/1) 3.7# 23.0$ *** 
1(2.2-6.3) (1.4-7.3) (6.7-60.3) 
*** P <0.001 Significance of difference between the two groups by 
Mann-Whitney U-test ^ 




Plasma Concentrations of Sodium, Potassium, Urea, Creatinine and Ratio of 
Urea to Creatinine [Median and (range)]. 
Control Hyperthyroid 
Subjects Patients 
N 20 18 
Sodium 140 141 NS 
(mmol / l ) (136-144) (136-150) 
Potassium 3.95 4.1 NS 
(mmol / l ) (3.3-4.6) (3.3-4.8) 
Urea (U) 4.65 5.05 NS 
(mmol / l ) (2.7-8.5) (2.9-6.7) 
Creatinine (C) 68.5 49.0 *** 
(pnol/1) (52-94) (33-77) 
Ratio of U / C 0.066 0.101 *** 
(0.045-0.113) (0.067-0.161) 
* * * p <0.001 Significance of difference between the two groups by 
Mann-Whitney U-test. 
NS No significant difference. 
58 
Table 2.4 shows that the hyperthyroid patients had significantly 
lower values for plasma creatinine and higher values for the ratio of 
urea to creatinine than control subjects. There were no differences in 
the plasma concentrations of sodium, potassium or urea between the 
two groups 
2.4.6 Leucocyte Count, Erythrocyte Count, Hb Concentration, M C V and 
Derived Values for PCV, MCHC and M C H in Control Subjects and 
Hyperthyroid Patients (table 2.5). 
Hyperthyroid patients had significantly lower Hb 
concentration, MCV, MCHC and M C H values when compared to 
control subjects. 
2.4.7 Intracellular Sodium Nafc, potassium Kj^, ouabain-sensitive efflux rate 
(fo), ouabain-sensitive efflux rate constant (k。)，OBS and its dissociation 
constant (Kd)，and Na +，K+-ATPase activity in control subjects and 
hyperthyroid patients (table 2.6). 
Hyperthyroid patients had significantly higher Nafc and 
significantly lower ouabain-sensitive efflux rate constant (kg), OBS 
and Na +，K+ ATPase activity than control subjects. There were no 
differences in the Kj^, ouabain-sensitive efflux rate of sodium and the 
K^ for ouabain between control subjects and hyperthyroid patients. 
2.4.8 SPC and its Rate Constant (figures 2.6a & b). 
The efflux rate of the SPC varied from 0.009 to 0.237 in control 
subjects and from 0.019 to 0.175 mmol Na+ h"^ rbc in 
hyperthyroid patients (figure 2.6.a). There was no significant 
difference in the SPC between two groups. The rate constant for SPC 
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Table 2.10 
Leucocyte Count and Erythrocyte Count, Hb concentration, M C V and 
the derived values for PCV, MCHC and M C H in Control Subjects 
and Hyperthyroid Patients [Median and (range)]. 
Control Hyperthyroid 
Subjects Patients 
N 20 18 
Leucocyte Count 6.3 5.75 NS 
(10^/1) (43-8.2) (4.1-8.3) 
Erythrocyte Count 4.61 4.86 NS 
( 1 0 丄 2 / 1 ) ( 4 . 1 4 - 5 . 7 3 ) ( 3 . 9 6 - 6 . 5 1 ) 
Hb Concentration 14.1 12.9 * 
(g/dl) (11.6-15.6) (10.5-15.4) 
M C V 88 82 *** 
(fl) (61-95) (56-91) 
PCV 0.40 0.38 NS 
(fl) (0.35-0.46) (0.32-0.45) 
M C H C 34.8 34.0 * 
(g/dl) (32.5-35.9) (31.5-35.9) 
M C H 30.6 27.6 *** 
(pg) (20.2-33.3) (18.7-31.0) 
* p <0.05, * * * p <0.001 Significance of Difference between the two 
groups by Mann-Whitney U-test. 
NS no significant difference. 
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Table 2.10 
Intracellular sodium (Nafc), potassium (Kfc), ouabain-sensitive efflux 
rate (fo), ouabain-sensitive efflux rate constant (k。)，OBS and its K^, 
and Na，K -ATPase activity in control subjects and hyperthyroid 
patients [Median and (range)]. 
Control Hyperthyroid 
Subjects Patients 
N 20 18 
Naic 1 5.6 9.4 *** 
(mmol 1-1RBC) (4.5-7.7) (5.8-14.0) 
Kic 1 109 112 NS 
(mmol 1-1 RBC) (77-137) (82-128) 
fo 1 . 1.8^ 2.1 NS 
(mmol 1 ] RBC h"^) (1.4-3.1) (1.5-2.9) 
ko (h_ l ) 0.33a 0.24 * * * 
(0.22-0.49) (0.12-0.32) 
OBS ( R B C - 3 2 9 a 206b 
(199-539) (161-327) 
Kd (nmol r ^ ) 3.1^ 3.5 NS 
(1.1-4,6) (1.0-5.7) 
Na+，K+-AT[TajSe 2.1^ 1.5^ ** 
(mmol Pi h-丄 r丄RBC) (1.4-4.3) (0.74-3.1) 
* * * p <0.001，** p <0.01 Significance of difference between the two 
groups by Mann-Whitney U-test. 
& c determined in 19，15 and 17 subjects, respectively. 
NS no significant difference 
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Figure 2.6.a 
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F i g u r e 2 . 6 . b 
Rate Constant for SPC in Control Subjects and Hyperthyroid 
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varied f rom 0.002 to 0.049 in control subjects and from 0.002 to 0.019 
mmol N a + t f l RBC in hyperthyroid patients. The rate constant 
for SPC was significantly lower in hyperthyroid patients when 
compared to control subjects. 
2.4.9 SLC and its rate constant (Figure 2.7.a & b) 
The SLC varied from 0.0182 to 0.278 in control subjects and 
f rom 0.061 to 0.225 mmol Na+ h'^ RBC in hyperthyroid patients 
(figure 2.7a). The rate constant for SLC varied f rom 0,015 to 0.044 (h" 
in control subjects and from 0.005 to 0.023 ( t f l ) in hyperthyroid 
patients (figure 2.7b). The SLC and the rate constant for SLC were 
significantly lower in hyperthyroid patients when compared to control 
subjects. 
2.4.10 Na+，leak’ and its rate constant (Figure 2.8.a & b). 
Na+，leak，was significantly higher, ranging from 0.086 to 0.324 
in hyperthyroid patients to 0.084 to 0.214 mmol Na+ h'^ RBC in 
control subjects (figure 2.8.a). The rate constant for Na+，leak，was 
significantly lower ranging from 0.012 to 0.029 in hyperthyroid 
patients compared to 0.013 to 0.031 in control subjects (figure 
2.8.b) 
2.4.11.1 The Spearman Rank Coefficient of Correlation Matrix for The 
Characteristics of Sodium Transport Before Treatment (table 2.7). 
Spearman rank coefficient of correlation for the active and 
passive fluxes of sodium was determined in the combined group of 17 
control subjects and 14 hyperthyroid patients are shown in table 2.7 
(the complete set of results from 7 subjects were unavailable). There 
were significant negative correlations between Na^c and k。，OBS, 
香 港 中 文 大 學 阅 當 n 藏 贪 
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Figure 2.7.a 
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Figure 2.7.b 








^ 0 - 0 3 - • ” 
I • 
•M • C： 
a 
00 • • • 
§ • 
O ~ i — AA 
O 0,02 - • 




0 . 0 1 - j L 
• 
• 
0 . 0 0 -
Controls Patients 
Horizontal bars indicates median values 
66 
Figure 2.8a 
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Figure 2.8b 
Rate Constant for Na+'Leak' in Control Subjects and 
Hyperthyroid Patients 
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Na+’K+-ATPase activity and rate constant for SLC. There was 
significant correlation between Nafc and Na+，leak，. K j^ showed a 
significant positive correlation with Na + ,K+-ATPase activity and a 
significant negative correlation with Na+， leak. OBS showed a 
significant positive correlation with efflux rate constant (k。)， 
Na+，K+-ATPase activity and the rate constant for SLC. Efflux rate 
constant, OBS and Na+，K+-ATPase activity also showed a significant 
negative correlation with Na+，leak，. 
There was a significant positive correlation between the rate 
constant for SLC and the rate constant for SPC (r = 0.38 p < 0.05). 
2.4.11.2 Partial Coefficient of Correlation Between the Rate Constant for SLC 
and OBS and Nai。. 
Naic and OBS, Naf^ and the rate constant for SLC were 
negatively correlated whereas the rate constant for SLC was positively 
correlated with OBS and efflux rate constant (table 2.7). In order to 
assess whether there was a casual relationship between all these 
variables or whether this relationship is real, the partial coefficient of 
correlation was calculated (section 2.3) between OBS and the rate 
constant for SLC all having the same value of Naf^ (i.e. with the third 
variable (Nai^) held constant so that only OBS and the rate constant 
for SLC are considered). Similarly, partial coefficients of correlation 
were calculated between efflux rate constant and the rate constant for 
SLC with Naic held constant. The results are shown in table 2.8. 
No significant partial coefficients of correlation were found 
between the rate constant for SLC and OBS, and the rate constant for 
SLC and efflux rate constant with Naf^ held constant. 
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Table 2.8 
Partial Coefficient of Correlation ( r i2 3) between the Rate Constant 
for SLC and OBS, and Efflux Rate Constant (k。）with Najc Held 
Constant 
Variable(n) ri2，3 
Rate Constant for SLC( i ) and OBS(2) 0.084 NS 
Rate Constant for SLC( i ) and ko(2) 0.105 NS 
(n) refers to the variable taken to be 1 or 2. Naic was variable 3. 
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2.4.11.3 Partial Coefficients of Correlation Between the Rate Constants for SLC 
and SPC with Nafc Held Constant. 
Since, significant positive correlation were found between the 
rate constants for SLC and SPC (r = 0.38, table 2.7),and between the 
rate constant for SLC and Nafc (r = -0.68，table 2.7), (the coefficient of 
correlation between rate constant for SPC and Nafc was not 
significant, r = 0.35, not shown on table 2.7), partial coefficients of 
correlation were calculated for rate constants for SLC and SPC with 
the Naic held constant. This was found to be 0.207 which was not 
significant. 
2.4.11.4 Partial Coefficients of Correlation (112,3) Between Na+，leak，and 
OBS, Na+，K+-ATPase activity and efflux rate constant with Naj^ Held 
Constant (table 2.9) 
Table 2.9 shows that there were no significant partial 
coefficients of correlation for Na+，leak，and OBS, Na +，K+-ATPase 
activity and efflux rate constant when the Naf^ held constant. 
2.4.12 Spearman Rank Coefficient of Correlation for Plasma Thyroid Function 
Tests with Sodium Transport Variables (table 2.10). 
There were statistically significant positive correlations for all 
the plasma thyroid function tests and Najc and significant negative 
correlation between ouabain-sensitive efflux rate constant for sodium, 
OBS and the rate constant for SLC. Other significant negative 
coefficients of correlation were fT4 with Na+，K+-ATPase activity 
and fT3 with the rate constant for Na+，leak. There was also a 
significant negative correlation of fT4 with Na"^，leak，(table 2.10). 
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Table 2.9 
Partial Coeffkients of Correlation ( r i2 3) Between Na+，leak，and 
OBS, Na十，K 十-ATPase activity and Efflux Rate Constant (k。）with 
Nafc Held Constant 
Variables(n) ri2，3 
Na+，leak，(i) & OBS(2) 0.191 NS 
Na+ ' leak ' ( i ) & Na+,K+-ATPase(2) 0.316 NS 
Na+，leak，(i)& ko(2) 0.159 NS 
(n) refers to the variable taken as 1 or 2. Naf^ was variable 3. 
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Table 2.10 
Spearman Rank Coefficient of Correlation of Plasma Thyroid 
Function Tests with Sodium Transport Variables 
*TT4 *TT3 @f r4 @汀 3 
Naic 0.61 0.62 0.63 0.56 
Kic 
fo 
ko -0.43 -0.58 -0.54 -0.59 






ksLC -0.45 -0.57 -0.49 -0.62 
Na+，leak， -0.43 -0.55 
kNa+ leak， 
Values are given for coefficients of correlation that are statistically 
significant at p < 0.05 or less. 
， ^ determined in 31 and 28 combined group of hyperthyroid and 
control subjects, respectively. When no figure is given, the coefficient 
of correlation was not statistically significant. 
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2.4.13 Effect of Treatment on 11 of the 18 Subjects 
Eleven of 18 hyperthyroid patients were studied after 23 - 38 
weeks of treatment with anti-thyroid medication following the init ial 
diagnosis. In these subjects, body weight, systolic and diastolic BP's, 
plasma concentrations of T4, free T3 sodium, potassium, urea, 
creatinine, complete blood picture, characteristics of the sodium 
pump, and the passive fluxes of sodium were determined by the 
methods described previously. 
2.4.13.1 Effect of Treatment on Body Weight, Systolic and Diastolic BFs (Table 
2.11) 
The body weight significantly increased and the systolic BP 
significantly decreased after treatment. There was no change in the 
diastolic BP after treatment (Table 2.11) 
2.4.13.2 Plasma Concentrations of Sodium, Potassium, Urea, Creatinine and 
Ratio of Urea to Creatinine After Treatment. 
The above were determined in 10 of the 11 subjects who were treated 
for 23 - 38 weeks after the initial diagnosis of hyperthyroidism (Table 
2.12). 
Table 2.12 shows that the plasma concentrations of creatinine 
significantly increased and the ratio of urea to creatinine decreased 
after treatment. Plasma concentrations of sodium, potassium and urea 
did not change. 
2.4.13.3 Hb Concentrations and Other Blood Indices Before and After 
Treatment (Table 2.13) 
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Table 2.11 
Body Weight, Systolic and Diastolic BFs in 10 of the 11 Subjects After 
Treatment [Median & (range)]. 
Before After 
Body Weight (Kg) 54.0 56.4 ** 
(44.5-57.0 (45.6-75.8) 
Systolic BP 115 100 * 
(mm Hg) (100-160) (90-130) 
Diastolic BP 70 70 NS 
(mm Hg) (60-80) (60-80) 
** P <0.01，* P <0.05 by Wilcoxon's Signed Rank Sum Test. 
NS no significant difference 
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Table 2.12 
Plasma Concentrations of Sodium, Potassium, Urea, Creatinine and 
Ratio of Urea to Creatinine in 10 of the 11 Subjects After Treatment 
Median & (range)]. 
Before After 
Sodium 142 139 NS 
(mmol/1) (138-146) (131-143) 
Potassium 4.3 4.2 NS 
(mmol/1) (3.6-4.8) (3.9-4.7) 
Urea (U) 4.8 4.7 NS 
(mmol/1) (2.9-53.0) (2.5-7.6) 
Creatinine (C) 51 58 ** 
(pmol/1) (33-77) (50-90) 
Ratio of U:C 0.088 0.075 
(0.067-0.137) (0.05-0.152) 
** p <0.01 by Wilcoxon's signed rank sum test. 
NS no significant difference. 
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Table 2.10 
Blood Cell Values Before and After Treatment in 11 of 18 
Hyperthyroid Patients [Median & (range):. 
Before After 
Leucocyte Count 5.8 5.95 NS 
(10^/1) (4.5-8.3) (4.2-12.8) 
Erythrocyte Count 4.99 4.99 NS 
(10 l2 / l ) (4.38-6.51) (4.45-6.48) 
Hb Concentration 13.3 14.4 * 
( g ^ l ) (11.9-15.4) (12.3-16.0) 
M C V 82 87 ** 
(fl) (56-87) (32.2-34.5) 
PCV 0.39 0.42 * 
(Ratio) (6.35-0.45) (0.36-0.47) 
M C H C 33.9 34.2 NS 
(g/dl) (33.1-34.6) (32.2-34.5) 
M C H 27.2 29.7 “ 
(pg) (18.7-29.2) (19.4-31.2) 
* p <0.05, ** p <0.01 Significance of difference before and after 
treatment by Wilcoxon's signed rank sum test. 
NS no significant difference. 
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Hb concentration, MCV, PCV and M C H significantly 
increased after treatment for hyperthyroidism for 23 - 38 weeks. There 
were no differences in the leucocyte or erythrocyte count or M C H C 
after treatment (table 2.13) 
2.4.13.4 Plasma Concentrations of T4 and Free T3 in patients before and after 
treatment (Figure 2.9). 
Plasma TT4 was determined in 11 and free T3 in 7 
hyperthyroid patients after 23-38 weeks of treatment with anti-thyroid 
drugs. Figure 2.9 shows that there was a fall in the plasma 
concentrations of TT4 and free T3 after the patients were treated with 
anti-thyroid drugs. 
2.4.13.5 The Characteristics of the Sodium Pump (Figure 2.10.a-d). 
Naic significantly decreased in patients after treatment (figure 
2.10.a), whereas the ouabain-sensitive efflux rate of sodium, the 
ouabain-sensitive efflux rate constant for sodium (figure 2.10.b), OBS 
(figure 2.10.C) and Na+，K+ ATPase (figure 2.10.d) all significantly 
increased. K[Q (figure 2.10.a) and the Kd (figure 2.10.C) for ouabain 
did not change after treatment. 
2.4.13.6. Passive Fluxes of Sodium After Treatment (figure 2.11.a-c) 
Figure 2.11.a shows that there was no change in the SPC and 
the rate constant for SPC. Although the median of change in the SLC 
was increased after treatment, this did not reach statistical 
significance. The rate constant for SLC, however showed a significant 
increase after treatment (figure 2.11.b). Na+，leak，was significantly 
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Figure 2.9 
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decreased after treatment; the rate constant for Na+，leak，although 
lower did not reach statistical significance (figure 2.11.c). 
2.4.14 Longitudinal Assessment of Plasma Thyroid Function Tests, Nafc, Kfc, 
OBS, Na +，K+-ATPase activity and Sodium Fluxes in a Patients Undergoing 
Treatment. 
Of the patients who attended the clinic regularly six were 
studied longitudinally f rom the time of their first attendance. Their 
results were grouped into 3-8, 13-20 and 23-38 weeks of treatment. 
The plasma concentrations of fT4 and f i g are shown in figure 2.12 a 
& b. Naic，Kic，ouabain-sensitive efflux rate (f。）and ouabain-sensitive 
efflux rate constant (k。) are shown in figures 2.12 c-f. OBS, K^， 
Na+，K+-ATPase activity are shown in figure 2.12 g-i. SPC, SLC, 
Na+，leak，and their respective rate constants are shown in figure 2.12 
j-o, respectively. 
Due to technical reasons not all the results f rom the patients 
are available during their longitudinal study. Nevertheless, the effect 
of treatment on plasma thyroid function tests, and indices of sodium 
transport can be seen. Plasma fT4 fell within 3-8 weeks of treatment 
to attain values close to those found in healthy subjects and thereafter 
became normal. Plasma f i g also fell in all the subjects; in one subject 
alone the value failed to fall to within the reference range, 
Nafc, which was high at the time of diagnosis, began to show a 
decrease only after treatment for 23-38 weeks. Kf^ fell after 13-20 
weeks of treatment but later recovered to the original values. The 
ouabain-sensitive efflux rate of sodium increased with duration of 
treatment and this increase was also evident in the case of OBS and 
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Figure 2.12 
Plasma Concentrations of Free T^ (a) and Free T3 (b) 
During Treatment (Horizontal bars indicates median values). 
Dashed lines — laboratory reference range 
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Figure 2.12 
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Figure 2.12 
Number of OBS (g). K^ (h) and Na+,K+-ATPase Activity (i) 
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Na+，K+-ATPase activity. However,increase in the ouabain-sensitive 
efflux rate constant was delayed until after 23 weeks of treatment. 
The rate constant for SLC increased after 23-38 weeks and rate 
constant for SPC after 13-20 weeks of treatment. SLC and SPC 
increased after 3-8 weeks of treatment. Na+，leak，decreased after 13 
weeks or more of treatment, with its rate constant showing no change. 
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2.5 DISCUSSION 
The principle aim of this study was to investigate whether the 
effects of thyroid hormones on the erythrocyte membrane are 
confined to the sodium pump or whether they are part of more 
generalised effect on all protein mediated sodium pathways in the 
membrane including that of the sodium pump. 
This study, confirms the earlier findings that thyroid hormones 
increase Naf^, and decrease the ouabain-sensitive efflux rate for 
sodium and its rate constant. Further investigations showed additional 
decreases in the Na+，K+-ATPase activity and OBS. Measurements 
were made of SPC, SLC, Na+ 'leak' and their rate constants. An 
assessment was made of the time required for reversal of the 
abnormalities in the characteristics of the sodium pump and of 
abnormalities in the passive fluxes found in this study. 
A l l the patients were selected at the Out-patients clinic of the 
Prince of Wales Hospital. Some of the control subjects were also 
selected from the same clinic. A l l were Chinese in race. The criteria 
used to confirm hyperthyroidism were that the subjects were clinically 
thyrotoxic when examined by the Endocrinologist and plasma 
concentrations of TT4 and/or TT3 were elevated. Two of the 18 
hyperthyroid patients had elevated TT3 without elevation of plasma 
concentration of TT4. The control subjects and hyperthyroid patients 
were similar in age, weight, height and the BMI. The lack of a lower 
weight or B M I in the hyperthyroid patients compared to control 
subjects is surprising as one of the cardinal effects of thyroid hormone 
excess is loss of body weight (Hoffenberg, 1987). However, there was 
a statistically significant elevation in the body weights of the 10 
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hyperthyroid patients after treatment. Hyperthyroid patients had 
significantly higher systolic and diastolic BP'S compared to control 
subjects. The increase in systolic BP found in hyperthyroid patients is 
well documented and is due to an increase in cardiac output. This 
study showed that systolic BP decreased in patients after treatment for 
23 weeks or more. The increase in the diastolic BP found in the same 
patients, which failed to decrease after treatment, may be a random 
observation (Skelton & Sonnenblick，1986). Increase in diastolic BP 
has not been documented previously and the number of hyperthyroid 
patients in this study was too small to allow a conclusion that this 
increase was significant. 
This study confirms earlier reports that hyperthyroid patients 
had increased Naic compared to control subjects with no change in 
the Kic (Smith & Samuel， 1970; Goolden et al, 1971; 
Kanagasabapathy et al, 1973; Swaminathan et al, 1976; Cole & 
Waddell, 1976; Rubython et al, 1983; Sutterlin et al, 1984; Khan & 
Baron, 1987). In contrast, Brent et al (1989) could not detect a 
difference in the Naj^ between control subjects and hyperthyroid 
patients. The values for Naf^ and K[Q obtained in this study are of a 
similar order of magnitude to those published previously (Goolden et 
al, 1971; Sutterlin et al, 1984). The Na^c obtained for control subjects 
by Brent et al (1989) were higher than those found in this study. Other 
workers have expressed the intracellular cation concentrations per Kg 
of erythrocytes making the comparison difficult. 
This study also confirms earlier findings of decreases in the 
Na+，K+-ATPase activity (Cole & Waddell，1976; Sato et al, 1982; 
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Khan & Baron, 1987)，OBS (De Luise & Rier，1983; Rubython et al, 
1983; Suzuki et al, 1983; Khan & Baron, 1987; Wilcox & Levin, 1987). 
In the case of the ouabain-sensitive efflux rate of sodium 
conflicting reports have been published. 
Table 2.14 summarises the published reports and lists the 
methods used for the measurement of the ouabain-sensitive efflux 
rate of sodium. The ^^Na efflux method involves incubating 
erythrocytes preloaded with ^^Na in an isotonic sodium-free medium 
in the presence and absence of ouabain at a concentration chosen to 
inhibit maximally the sodium pump and determining the efflux over a 
period of time. Wi th the widespread availability of atomic absorption 
spectrophotometers, a method based on the above but without 
radioactivity became available (Sutterlin et al, 1984). In this washed 
erythrocytes containing physiological concentrations of Naj^ are 
incubated in an isotonic sodium-free medium containing KC l in the 
presence and absence of ouabain and the efflux of sodium is 
determined by atomic absorption spectrometry. Another widely used 
method is the use of ^^Rb which has been demonstrated to be 
kaliomimetic (Smith & Samuels，1970; De Luise & Flier，1983; Suzuki 
& Fujino，1986; Khan & Baron，1987). This method involves the 
incubation of washed erythrocytes in an isotonic medium containing 
從Rb and determining the influx of 秘Rb into erythrocytes in the 
presence and absence of ouabain. Another method makes use the 
saturation kinetics shown by the sodium pump. The maximal rate of 
efflux of sodium (Vmax) is determined by incubating sodium loaded 
cells in an isotonic sodium-free medium over a timed interval in the 
presence and absence of ouabain. Erythrocytes are loaded with 
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Table 2.10 
Reports of Ouabain-Sensitive Efflux Rate of Sodium in hyperthyroidism -
Published Data and This Study 
Effect in Method Reference 
Hyperthyroidism 
Increased ^^Na Efflux (1) 
Na Efflux into MgCl〗 (2) 
Decreased 
Na Efflux (3) 
Na Efflux f rom Na (4) 
Loaded cells into MgCl2 
No Change 
22Na efflux (5) 
Na Efflux Table 2.4 
(1) Smith & Samuels (1970)，(2) Sutterlin et al (1984)，(3) Rubython 
et al (1983), (4) Brent et al (1989)，(5) Khan & Baron (1987). 
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sodium by treatment with pCMBS (p-chloromercuribenzene 
sulphonate) or nystatin (Brent et al, 1989; section 1.1.2.4). 
The method used in this study (section 2.3.3) is a simple non-
radioactive method where whole blood is incubated in the presence 
and absence of ouabain at a concentration maximally inhibitory to the 
sodium pump. This method has the advantage that since whole blood 
is used, any endogenous factor (e.g. the natriuretic factor) present in 
the plasma is not removed prior to the determination and hence this 
method could be described as an "in vivo" method for the 
determination of sodium pump activity. Using this method very high 
coefficients of correlation were found between the ouabain-sensitive 
efflux rate constant and OBS and Na +，K+-ATPase activity in a 
number of situations. These include ethnic differences 
(Animanayagam, Macdonald & Swaminathan, 1987)，the effect of 
digoxin administration (Cumberbatch et al, 1981), hypokalaemia 
(Cumberbatch & Morgan, 1983)，chronic renal failure (Swaminathan 
et al, 1982), obesity (Hawkins et al, 1984) and hyperthyroidism 
(Rubython et al, 1983). 
The absence of any change in the ouabain-sensitive efflux rate 
of sodium in this study is consistent with the reports of Michels et el 
(1981) and of Khan & Baron (1987) but is at variance with other 
reports (table 2.14) especially those of Rubython et al (1983) who 
used a similar method. The reason for this discrepancy is not known 
but it is unlikely to be due to a difference in methodology. Ethnic 
difference in response to hyperthyroidism is a strong possibility 
bearing in mind that periodic paralysis associated with thyrotoxicosis 
is practically confined to people of oriental descent including the 
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Chinese & Japanese (Yeung & Lam, 1987). However, the sodium 
pump characteristics of healthy subjects were found not to differ 
between Chinese, non-Chinese Asians (Sri Lankans) and White 
Europeans (Animanayagam et al, 1987). 
In the case of the ouabain-sensitive efflux rate constant for 
sodium, there is unanimity of agreement that the ouabain-sensitive 
efflux rate constant for sodium is reduced in hyperthyroidism (Smith 
& Samuels，1970; Rubython et al, 1983; Khan & Baron, 1987). 
The effect of treatment on the erythrocyte sodium pump has 
not been studied extensively. Sato et al (1982) determined the 
Na+,K+-ATPase activity in patients after treatment and showed that 
restoration of normal activity took 2-3 months. In another report, only 
two patients were studied after treatment and it was demonstrated 
that the ouabain binding capacity and ouabain-sensitive 秘Rb influx 
were increased (De Luise & Flier, 1983). In this study treatment of 
hyperthyroidism resulted in the fall of plasma concentrations of free 
T4 and free T3 after 13-20 weeks of treatment. Treatment of 
hyperthyroidism also resulted in increases of all abnormal sodium 
pump characteristics. The number of ouabain binding sites, Na +，K+-
ATPase activity, and ouabain-sensitive efflux rate constant for 
sodium increased with a concomitant fall in Naic after treatment. 
However, all the values were still higher than those found in healthy 
control subjects even after 23-38 weeks of treatment. This showed that 
a longer time period is required for complete reversal of all the 
abnormalities seen in the sodium transport characteristics. However, 
the ouabain-sensitive efflux rate of sodium which was not different in 
the untreated hyperthyroid patients increased after treatment. This 
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result showed that circulating cells are not effected by 
hyperthyroidism and that only new cells formed in the bone marrow 
are affected. 
In agreement wi th earlier reports, there were significant 
correlations between Nafc and OBS, Naj^ and efflux rate of sodium, 
OBS and Na +，K+-ATPase activity (Rubython et al, 1983; Hawkins et 
al, 1984; Arumanayagam et al, 1987). 
The passive fluxes of sodium were determined by incubating 
erythrocytes containing physiological concentrations of Naic. The flux 
rates due to SPC, SLC or Na+，leak’ when divided by the respective 
Naic gives the rate constant which is then a measure of the activity of 
proteins mediating these fluxes (cf ouabain-sensitive efflux rate 
constant for sodium, section 2.3.3). This study as well as several others 
have demonstrated that the ouabain-sensitive efflux rate constant for 
sodium is closely and positively correlated with OBS. Thus it is likely 
that rate constants for SPC, SLC and Na+，leak’ would be a reflection 
of the number of 'units' mediating these pathways. I n the other 
methods available for the determination of SPC, SLC and Na+，leak’ 
erythrocytes are loaded with either sodium (Gamy et al, 1983) or with 
l i th ium (Pandey et al, 1978) sufficient to saturate internal binding 
sites. In these methods, the maximal rate (Vmax) of SPC and SLC are 
determined. Since Na+， leak’ showed linear dependance on Naic, 
Na+，leak，divided by Naf^ (the rate constant) is a measure of the 
activity of this pathway (Garay et al, 1983). 
The passive fluxes of sodium, SLC, the rate constants for SLC, 
SPC and Na+，leak，were lower in hyperthyroid patients compared to 
control subjects. This suggests that protein 'units' mediating these 
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pathways are decreased in erythrocytes f rom these patients. The 
amount of Na+，leak，was, however increased in hyperthyroid patients 
due to the increase in the Naj^. Two recent studies demonstrated SLC 
(Sutterlin et al, 1984; Brent et al, 1989) and SPC (Brent et al, 1989) to 
be decreased in hyperthyroid patients. The method used in the above 
studies measured the maximal rate of sodium efflux (Vmax) after 
loading erythrocytes with sodium. The effect of treatment resulted in 
the reversal of only the rate constant for SLC and the Na+，leak，； the 
latter due to a decrease in the Nafc with treatment. As the SLC, rate 
constants for SPC and Na+，leak，were lower before treatment, these 
would also be expected to be increased after treatment. Although the 
median of change does not indicate that these are increased, the study 
of the time course of the treatment suggests that 23-38 weeks of 
treatment is insufficient time for reversal of all the changes in the 
passive fluxes found. Furthermore, Naj^ after treatment for 23-38 
weeks did not reach values found in control subjects. In contrast, 
Brent et al (1989) found increases in the SLC after only 8-14 weeks of 
treatment. 
The significant coefficients of correlation found in this study of 
all the plasma thyroid hormone concentrations with N a i � o u a b a i n -
sensitive efflux rate and its rate constant, OBS (Rubython et al, 1983; 
Khan & Baron, 1987) and the rate constant for SLC are consistent 
with the earlier report (Brent et al, 1989). There was also significant 
coefficient of correlation between plasma fT4 and Na +，K+-ATPase 
activity, in agreement with Khan & Baron (1987). The lack of a 
significant coefficient of correlation of Na+，K+-ATPase activity with 
plasma TT4, TT3 and 汀3 is difficult to explain. Likewise, Na+，leak， 
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showed a significant correlation with fT4 whereas the rate constant 
for Na+，leak，was significantly correlated with fTg only. 
The plasma concentrations of sodium and potassium were not 
different in the two groups of subjects. Hypokalaemia accompanied by 
periodic paralysis in thyrotoxicosis is common amongst Chinese and 
Japanese males (Yeung & Lam，1987). Occasional reports have been 
published regarding hypokalaemia in thyrotoxicosis (Moses, Sunder, 
Vester & Danowski，1964; Khan & Baron, 1987) but this study and 
others (Kleeman & Danovitdi，1986; Ford, Lim, Chisnall & Pearce, 
1989) could not show any decrease in plasma potassium in 
hyperthyroidism. The lower plasma concentrations of creatinine 
(Aizawa, Hiramatsu, Ohtsuka, Kobayashi, Koizumi, Miyamoto, Niwa 
& Yomuda, 1986; Ford et al, 1989) and a higher ratio of urea to 
creatinine (Aizawa et al, 1986) found in this study are consistent with 
earlier reports. The lower plasma concentration of creatinine is due to 
the increased glomerular fi ltration rate found in hyperthyroid 
patients (Kleeman & Danovitch，1986). It is also known that mean 24-
hour urinary creatinine excretion was lower in the hyperthyroid than 
in euthyroid state of the same patients after treatment. This has been 
ascribed to a loss of muscle mass in hyperthyroid patients. I t has been 
shown that in hyperthyroid patients, there is considerable breakdown 
of muscle protein which would result in increased production of urea. 
In this study there was no change in the plasma concentration of urea. 
Aizawa et al (1986) showed an increase whereas Ford et al (1989) 
showed no change. It must be emphasised that the changes seen in 
hyperthyroid patients were within the reference range determined for 
a healthy population (Swaminathan & Ho, unpublished observation). 
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In 1927, Jorgensen & Warburg described microcytosis without 
anaemia in hyperthyroid patients (Nightingale, Vitek & Himsworth, 
1978; How, Davidson & Bewsher，1979)，and indeed, this study 
confirms this finding. Nightingale et al (1978) also showed that the Hb 
concentration was decreased in hyperthyroid patients. How et al 
(1979) did not find this but reported that Hb concentration rose after 
treatment. The M C H was also lower in the hyperthyroid patients in 
agreement with How et al (1979). A l l the changes found in the present 
hyperthyroid patients were reversible after treatment. 
In summary , this study has demonstrated that in patients with 
hyperthyroidism, there is a generalised decrease in all the proteins 
mediating the transport of sodium across the erythrocyte membrane 
and that such a deficiency in not confined to the sodium pump. 
Moreover, only the new erythrocytes are being affected by thyroid 
hormones. 
In the next chapter, to investigate what changes are taking 
place in the new cells, young erythrocytes from hyperthyroid patients 
were separated and compared with those from control subjects. 
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Chapter 3 
The Effect of Hyperthyroidism on In Vivo Aging 
of Erythrocyte OBS，Intracellular Sodium and 
Potassium Concentrations 
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3.1 Review of Literature 
Human erythrocytes have a life span of about 120 days after 
which time they are removed from the circulation by the mononucler 
phagocytic system. During the aging process, the erythrocyte 
undergoes several physical and biochemical changes. 
3.1.1 Physical Changes and Methods of Separation 
In vitro methods used in the separation of erythrocytes 
according to their ages usually makes use of the physical changes that 
take place during in vivo aging. Increases in the density of the 
erythrocytes as they age has been well documented and has been used 
as the basis for the separation using either the technique of prolonged 
centrifugation (Murphy, 1973) or density gradient centrifugation. The 
method of Murphy (1973) is the most popular method used for the 
separation of erythrocytes according to cell age. In the case of the 
density gradient centrifugation method, several supporting media 
such as bovine serum albumin (Leif & Vinograd，1964)，phthalate 
esters (Danon & Marikovsky，1964)，ficoll (Boyd, Thomas, Horton & 
Huisman, 1967)，Stractan I I (Corash, Piomelli, Chen, Seaman & 
Gross, 1974) and "Percoll" (Rennie, Thompson, Parker & Maddy， 
1979; Salvo, Caprari, Samoggia, Mariani & Salvati，1982) have been 
used. 
The size of the erythrocytes also changes during aging. 
Younger cells have a higher M C V than older cells. This observation 
together with the changes in the density was the basis of counterflow 
centrifugation technique of separation of the erythrocytes according 
to age. In counterflow centrifugation (elutriation), a f luid is pumped 
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into the centre of a centrifuge rotor through a rotating seal which then 
moves through a internal tubing to the outside of the rotor and is then 
turned towards the centre through a divergent separation chamber. A t 
the end of this chamber, the flow reconverges into a tube of small 
diameter through which it moves back to the centre of the rotor. I f a 
cell suspension is introduced into the inlet tube at some convenient 
point and i f the appropriate centrifugal forces are chosen, the cells 
distributes itself in accordance with the size and density, and cells of 
different ages can be separated (Sanderson, Bird, Palmer & Brenman， 
1976; Marcus, Thomas, Parry, Cowan, Gladstone & Huehns, 1985; 
Van Der Vegt, Th Ruben, Werre, Palsma, Verhoff, De Gier & Staal, 
1985). 
Aged erythrocytes are osmotically more fragile than younger 
cells. Thus by selective osmotic lysis of the older cells young cells 
could be prepared. The major disadvantage of this method is that 
only young cells are obtained, and these cells may be partially 
damaged and may have undergone swelling as they have been exposed 
to a hypotonic solution (Marks & Johnson, 1958). 
Another consequence of aging was thought to be a reduction 
in the surface charge of erythrocytes (Gear, 1977). Although, Gear 
(1977) has showed that cells could be separated by a preparative 
electrophoretic method using a density gradient, evidence indicates 
that erythrocyte surface charge is not a function of cell age (Lunar, 
Szklarek, Knox, Seaman, Josefowicz & Ware, 1977). 
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3.1.2 Biochemical Changes 
3.1.2.1 Naic, Kic and the Transport of Sodium 
Several biochemical changes take place with increasing cell 
age. One of the earliest changes demonstrated was the decrease in the 
K{Q with increasing age (Prankerd, 1958; Bernstein, 1959 in Clark & 
Shohet, 1985). Astmp (1974) confirmed that K^^ decreases with cell 
age. He also found that Naf^ was relatively constant when Naj^ was 
expressed per gram of haemoglobin, with the exception that the 
fraction containing the oldest cells had higher Naic. The cellular 
concentrations of cations are usually expressed in mmol/1 red cells. As 
the size of erythrocytes decrease with age, this method is not 
satisfactory because there wil l be greater number of older cells in a 
litre of cells than younger cells. Since the haemoglobin content of 
erythrocytes does not change with age, the cellular cationic content 
(absolute amount of cation in a cell) expressed per gram of 
haemoglobin or gram of erythrocytes dry solids is a better method as 
this does not take into account the number of cells in a given volume 
of cells. Cohen, Ekholm, Luthra & Hanahan (1976) separated cells 
according to the method of Murphy (1973) and confirmed that K[Q 
decreased with increasing age of the cell while the Najc remained 
relatively constant except in the last fraction which was higher. Joiner 
& Lauf (1978) separated cells by density gradient centrifugation using 
phthalate esters and showed that Kf^ of young cells was 50% higher 
than that of old cells, whereas the Nafc was only slightly elevated in 
the older cells. Bartosz, Swierczynski & Gondko (1981) also 
demonstrated that K{Q decreased by about 33% whereas Naj^ 
increased by about 3% during in vivo aging of bovine erythrocytes. 
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Recently, it was shown that Najc was increased (mean increase 10%) 
in the older fraction of erythrocytes compared to younger fraction, but 
these workers have reported the results per litre of erythrocytes 
(Hentschel, Wu, Tobin, Anstall, Smith, Williams & Ash，1986). Thus, 
there is a reduction in K{Q with in vivo aging of erythrocytes. Naj^ also 
show an increase but the magnitude of the increase depends on how 
the results were expressed. 
The effect of in vivo aging on Na+，K+-ATPase activity was 
studied by Cohen et al (1976) who could not show any changes in the 
activity but showed that the total ATPase activity decreased with 
aging (Cohen et al, 1976). The lack of changes in the Na+，K+-
ATPase activity with aging was confirmed by Kadlubowski & Agutter 
(1977). However, Bartosz, Grzelinska & Wagner (1982) showed a 
progressive loss of ouabain-sensitive ATPase with aging in bovine 
erythrocytes. The fractions containing oldest cells had 15 % lower 
activity than that containing the younger cells. Studies on rabbit and 
human erythrocytes confirmed that Na+，K+-ATPase activity 
decreased with in vivo aging (Kamber，Poyiagi & Deliconstantinos， 
1984). 
The changes in the sodium fluxes with aging in humans was 
first examined by Joiner & Lauf (1978) using ^^K as a tracer and 
demonstrated that younger cells have a 37% greater ouabain-sensitive 
uptake than older cells. The older cells, however had greater ouabain-
insensitive ("passive") ^^K uptake than younger cells. Studies on the 
number of Na + ,K+-ATPase units, as assessed by the number of OBS, 
in the density separated fractions showed that younger cells have 33% 
greater number of OBS than older cells. There was no change in the 
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affinity for ouabain suggesting that pump sites are simply lost during 
aging (Joiner & Lauf, 1978). The decrease in the number of OBS was 
later confirmed by Hentschel et al (1986). 
Hentschel et al (1986) have also reported that ouabain-
sensitive efflux rate of sodium to be unchanged with aging. The 
ouabain-sensitive efflux rate constant for sodium was, however 
decreased with increasing age. The decrease in the rate constant for 
sodium pump with aging was recently confirmed by Carr, Thomas & 
Wilkinson (1988). 
Changes in the other pathways of sodium such as the SLC, SPC 
and passive L i + 'leak，（a measure of Na+ 'leak') with aging was also 
examined by Henstschel et al (1986). They found that SLC decreased 
with increasing cell age. However, Carr et al (1988) found that SLC to 
be increased with aging. The reason for this discrepancy is not known 
but is unlikely to be due to methodology as both groups of workers 
have used similar methods to determine SLC. One possibility is the 
different methods of expression of results. Hentschel et al (1986) 
expressed the results per litre of erythrocytes which does not take into 
account the absolute number of cells in a given volume ( young cells 
are larger, therefore less number of cells in a given quantity) whereas 
Carr et al (1988) have used Kg of erythrocyte solids which is related to 
the number of cells (number of cells in a given volume is proportional 
to the dry weight). Both groups of workers have shown that the SPC 
and its rate constant in old cells was 3 fold higher. The passive L i+ 
， l e a k ， a l s o showed an increase with increasing cell age (Hentschel et 
al, 1986; Carr et al 1988). 
.1 ] J 
3.1.2.2 Changes in Other Enzymes/Proteins 
There are several enzymes and proteins which have been 
demonstrated to be dependant on the age of the erythrocyte (for 
review, see Bocci, 1981; Clark & Shohet, 1985). These so called age 
dependant enzymes have been used as markers of erythrocyte age. 
Corash et al (1974) separated erythrocytes by centrifugation according 
to age using a Stractan I I density gradient and showed that glucose-6-
phosphate dehydrogenase and pyruvate kinase decreased with 
increasing age. Isocitrate dehydrogenase was also found to decrease 
with increasing age of the human erythrocytes (Turner, Fisher & 
Harris, 1974). 
Cohen et al (1976) used the prolonged centrifugation 
technique of Murphy (1973) and showed that acetylcholinesterase 
activity decreased with increasing cell age. Calcium stimulated 
ATPase, in contrast, showed variable results depending on the type of 
buffer used in the incubation medium (Cohen et al, 1976). 
Pfeffer & Swislocki (1976) showed that the basal and fluoride-
stimulated adenyl cyclase activity decreased with increasing age of the 
erythrocytes. The ratio of fluoride-stimulated to basal activity 
remained relatively constant. Isoproterenol-stimulated adenyl cyclase 
activity also decreased with increasing age, but in contrast to the ratio 
of fluoride stimulated/basal activity, the ratio of isoproterenol-
stimulated to basal activity decreased with increasing cell age 
suggesting that the number of isoproterenol (Z?e^a2-adrenergic) 
receptors on the erythrocyte surface or the coupling of the receptor to 
the enzyme changes with age. Protein kinase was also demonstrated to 
decrease with increasing cell age (Pfeffer & Swislocki, 1976). 
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Seaman, Wyss & Piomelli (1980) determined the changes in 
the glycolytic activity of erythrocytes of different ages. Glucose 
utilisation showed a four fold decrease with aging; lactate production 
also declined but at a slower rate. The ability of the cells to respond to 
metabolic stimuli such as high phosphate for glycolysis, or methylene 
blue for pentose pathway also declined with increasing age. The oldest 
cells were not able to respond to these stimuli. Of the enzymes, 
hexokinase, aldolase and pyruvate kinase exhibited marked rates of 
decline. Their half lifes were shorter than the cell life span of 120 
days. A l l other enzymes of the glycolytic pathway decreased with ty^  
rates greater than 120 days. These enzymes include lactate 
dehydrogenase, phosphofnictokinase, enolase. On the basis of these 
results the authors concluded that red cell aging does result in loss of 
metabolic potential (Seaman et al, 1980). 
ATP content in contrast does not change during aging of 
erythrocytes (Kirkpatrick, Muhs, Kostuk & Gabd，1979; Luthra, 
Friedman & Sears，1979). Bartosz et al (1981) showed that the ATP 
concentration to decrease but this change was compensated by a 
reduction in cell water content, so that the concentration of ATP in 
the cytoplasm remains constant (Bartosz et al, 1982). 
Aging of the whole organisms has been thought to be mediated 
by irreversible oxidative damage, and the same idea has been applied 
to erythrocyte aging as well. Erythrocytes are particularly at risk of 
oxidative damage, since they carry oxygen-loaded haemoglobin which 
constantly undergoes auto-oxidation to yield superoxide free radical 
anion (Muller, Dumdey & Rapoport，1983). In the presence of 
oxidative reagents, haemoglobin has the capacity to catalyse lipid 
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peroxidation (Kuhn，Schewe & Rapoport, 1983). This can be inferred 
from the observation that displacing oxygen with carbon monoxide 
protects erythrocytes from oxidative haemolysis, produced either by 
activated neutrophils (Weiss, 1980) or by superoxide producing 
bacteria (Falcioni, Coderoni, Tedeschi, Brunori & Rotilio，1981). 
Therefore it is not surprising that erythrocytes possess an array of 
enzymes to defend against oxidative damage. Thus, erythrocytes 
contain superoxide dismutase, catalase，glutathione peroxidase and 
glutathione reductase. Several groups of workers have found 
decreases in the level of activity of the enzymes involved in oxidative 
defense in older erythrocytes. Erythrocyte superoxide dismutase was 
shown to decline with age in cattle (Bartosz, Ch Tannert, Fried & 
Leyko, 1978) and rats (Glass & Gershon，1984). Changes in the 
activities of the peroxide-detoxifying enzymes - catalase and 
glutathione peroxidase were also examined by Bartosz & Bartkowiak 
(1981). In bovine erythrocytes glutathione peroxidase but not catalase 
was found to decline with increasing age (Bartosz & Bartkowiak, 
1981). In human erythrocytes glutathione reductase activity was lower 
in the top three out of the nine fractions when the erythrocytes were 
separated on a gradient (Powers & Thurnham, 1981). Coupled with 
apparent decreases in the oxidative defenses, increased susceptibility 
to oxidative damage was also observed. Walls, Kumar & Hochstein 
(1976) showed that young cells in the presence of glucose, were 
effective in protecting themselves against thyroxine-peroxide induced 
haemolysis whilst older cells exhibited less protection. 
Creatine, a physiologically important compound involved in 
muscle metabolism is also found in erythrocytes (muscle contains the 
most). Density fractionated cells showed that aging of erythrocytes 
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resulted in the decline in the creatine concentration (Fehr & Knob, 
1979; Syllm-Rapoport, Daniel, Starck’ Hartwig & Gross，1981). 
Several studies have demonstrated creatine concentration is a better 
marker of cell age than the percentage of reticulocytes in a given 
population (Opalinski & Beutler，1971; Smith, Mohler, Wills & 
Savory, 1982). Insulin receptors have also been shown to decrease 
with age (Dons, Corash & Gorden, 1981; Camagna, De Pirro, 
Tardella, Rosetti, Lauro, Caprari, Samoggia & Salvo，1983). 
The ultimate destiny of senescent cells is phagocytosis by the 
mononuclear phagocytic system. It is not therefore surprising that 
investigators have looked for possible alterations in the erythrocyte 
membrane. Such alterations may act as a signal for phagocytic cells 
that erythrocytes have reached the end of their lifespan. Sialic acid, 
the terminal carbohydrate of sialoglycopeptides was originally thought 
to decline with aging, but now it is clear that loss of sialic acid 
represents loss of total membrane material rather than a widespread 
breakdown of sugars (Bocci, 1981; Clark & Shohet，1985). Progressive 
decline in total cholestrol and phospholipid phosphorous content were 
also demonstrated with the ratio of cholesterol to phospholipid 
remaining unaltered during aging (Cohen et al, 1976). This is in 
contrast to the findings by Kamber et al (1984) who showed that the 
cholesterol, phospholipid and the cholesterol to phospholipid ratio 
decreased with aging. However, the differences between the very-low 
density (which contains the youngest cells) and intermediate-density 
cells were larger than those between intermediate and high-density 
cells suggesting that the changes may not be due to senescence 
(Kamber et al, 1984) 
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In contrast to the above mentioned decreases, increases in the 
anion exchange protein (band 3) have been documented with 
increasing cell age (Zanner & Galey，1985). Another protein that was 
found to increase with cell age is haemoglobin A i ^ . This protein 
forms as a result of non-enzymatic glycosylation of haemoglobin and 
older cells have higher amounts of this protein because they have 
spent a longer time in circulation (Fitzgibbons, Koler & Jones, 1976; 
Elseweidy, Stallings & Abraham, 1983; Chan, 1989). 
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3.2 MATERIALS & METHODS 
3.2.1 Materials 
Creatine and 1-Naphtol were obtained from Sigma Chemical 
Co, U S A. A l l other chemicals were obtained from sources stated in 
section 2.2.1. 
3.2.2 Subjects: 
Thirteen female hyperthyroid patients attending the out-
patient specialist clinic at the Prince of Wales Hospital, Shatin, New 
Territories, Hong Kong were studied. A l l were clinically thyrotoxic 
which was confirmed by plasma thyroid hormone analyses. The 
thirteen control subjects were all healthy hospital staff; they were 
clinically and biochemically euthyroid and were not receiving any 
medication. A l l the hyperthyroid patients were studied before 
treatment. Informed consent was obtained from all the subjects. In all 
subjects, venous blood (25-30ml) was collected from an antecubital 
vein, transferred into lithium heparin tubes and kept on ice until the 
plasma was separated. The blood was centrifuged and the 
erythrocytes used for the determination of Naic, ^ i o OBS, and 
creatine concentrations; plasma was used for thyroid hormone 
analyses. Each subject's age, weight, height and blood pressures were 
also recorded. 
3.2.3 Plasma Thyroid Hormone Analyses 
These were carried out as described in section 2.2.10. 
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3.2.4 Separation of Erythrocytes According to Age 
The method is based on the principle that older cells are 
more dense than younger cells due to loss of cell water. Thus, 
prolonged centrifugation of packed erythrocytes (packed cell volume 
>0.85) will result in younger cells remaining at the top while older 
cells go to the bottom of the centrifuge tube. The method of Murphy 
(1973) with a horizontal fixed rotor instead of angle head centrifuge 
was used in this study. Erythrocyte creatine (Syllm-Rapoport et 
al，1981)，MCHC and MCV (Murphy, 1973; Cohen et al, 1976) were 
used as markers of erythrocyte age. 
Erythrocytes from 25 to 30 ml of blood were washed three 
times with ice cold isotonic MgCl2 (llOmmol/1, osmolality 285-295 
mOsm/Kg water) to remove plasma contamination. The washed 
erythrocytes were transferred to several 4 x 40mm (0.4ml) 
polyethylene microcentrifuge tubes (Bioplas Inc., San Francisco, C A, 
U S A ) and centrifuged at 8,800g for 30 minutes at room temperature 
(23-25^C) in an Eppendorf centrifuge (model 5413). The less dense 
cells were obtained by slicing the top of the erythrocyte column with a 
scalpel blade. These are referred to as，young，cells. The most dense 
cells were obtained from the bottom and are referred to as，old，cells. 
Cells from the middle of the tube were taken to be that of 
intermediate age and called，middle，cells. Each segment was 
approximately 10% of the erythrocyte column. Segments from several 
centrifuge tubes with cells of the same age were pooled. Ice cold 
MgCl2 ( l lOmmol/ l ) was added to flush the cells from the segments of 
the centrifuge tube. The suspension was centrifuged at 300g for 5 
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minutes and the erythrocytes were resuspended at a packed cell 
volume of approximately 40 % in ice cold MgCl2. 
3.2.5 Determination of MCV & MCHC 
The MCV and MCHC of young, middle and old cells 
resuspended in MgCl2 were determined in a Sysmex Haematology 
Analyser (model C-180) 
3.2.6 Erythrocyte Creatine Concentration 
Erythrocytes creatine concentration was determined by the 
diacetyl-l-naphtol reaction (Li, Lee, L i & Deshpande，1982). Washed 
erythrocytes, 0.1ml from each fraction were deproteinised with 0.1ml 
of Ba(OH)2 (0.15 mol/1) and neutralised with 0.1ml of ZnS04 (0.17 
mol/1). The tubes were mixed thoroughly on a vortex mixer and 
centrifuged in an Eppendorf centrifuge for 5 minutes. The clear 
supernate was transferred to sample cups and the creatine 
concentration determined with diacetyl-l-napthol reagent on a 
centrifugal analyser (Cobas-Bio^^^, Roche diagnostica, Basle, 
Switzerland). The diacetyl-l-naphtol reagent was freshly prepared 
prior to use by mixing 8 parts of 1-Naphtol [8g/l in alkaline Na2C〇3 
(1.51 mol/1) in NaOH (1.5 mol/1)], 1 part of diacetyl solution (1 ml/1 
of DDW) and 3.5 parts of DDW. Anhydrous creatine was prepared by 
heating creatine for 3 hours at lOO^C and used for the preparation of 
the standard. The creatine standard was freshly prepared by dissolving 
10 mg of creatine in 100 ml of DDW. The packed cell volume of the 
erythrocytes, as determined by the microhaematocrit method, was 
used in the calculation to obtain creatine concentration per litre of 
erythrocytes. 
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3.2.7 Determination of Naj^ and K j 。 
This was determined as described in section 2.2.5 with no 
modifications. 
3.2.8 Maximum Number of OBS 
Maximum ouabain binding was determined by adding ^H-
ouabain to give a final total ouabain concentration of 2 jimol/1 as 
described by Rubython et al (1983). Young, middle and old 
erythrocytes were resuspended at a packed cell volume of 15-20% in a 
buffer medium as described in section 2.2.9. 1.0ml of the erythrocyte 
suspension was incubated in shaking water bath for 2 hours at 
with -^H-ouabain at a final concentration of 2 pmol/1. To determine 
non-specific binding, erythrocytes were incubated in the presence of 
excess ouabain (lOmmol/l). The bound ouabain was extracted and 
counted as stated in section 2.2.9. The number of OBS per cell was 
calculated by subtracting the non-specific counts using the 
erythrocytes counts of the suspension. 
3.3 STATISTICS 
Results are given as median and range and Wilcoxon's signed 
rank sum test was used to assess the difference between young, middle 
and old cells. The Mann-Whitney U-test was used to compare the two 
groups of subjects. 
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3.4 RESULTS 
3.4.1 Establishment of the Method for the Separation 
of Young, Middle and Old Cells 
In order to establish the method for the separation of 
erythrocytes according to different ages, blood was collected from 3 
healthy subjects and separated. MCV, MCHC, creatine，Nai。Kfc and 
OBS were determined. Table 3.1 shows the results obtained from 3 
healthy subjects. 
The results show that the cells from the top (young) had higher 
creatine concentration and MCV, and lower MCHC than cells from 
the bottom and the middle cells had intermediate values showing that 
the centrifugation had separated the cells according to their ages. 
MCHC and Naic were lower in young cells compared to old cells with 
middle cells having intermediate values. K[Q and OBS were higher in 




Creatine, MCV, MCHC, Naic, Kic and OBS of young, middle and old 
erythrocytes from three healthy individuals 
RBC Age Creatine MCV MCHC Naic Kic OBS 
(mg/1) (fl) (g/dl) (mmol/ l)(mmol/ l)(ceirr) 
Subjectl 
Young 89.6 99 34.0 4.97 126 450 
Middle 44.0 95 35.1 5.40 118 339 
Old 29.0 88 37.6 7.06 104 281 
Subject2 
Young 128.3 96 33.0 6.98 122 519 
Middle 63.0 90 35.0 7.03 114 467 
Old 36.7 86 36.8 7.64 100 422 
subjects 
Young 184.5 95 32.3 5.26 126 575 
Middle 74.3 87 35.1 5.83 122 474 
Old 41.1 81 38.8 6.92 114 393 
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3.4.2 Descriptive Statistics of the Subjects in the Study 
The characteristics of the subjects who took part in the study 
and their plasma concentrations of T4 and Free T3 are shown in 
table 3.2. There were no significant differences in the age, weight, 
body mass index or diastolic blood pressures of the control subjects 
and hyperthyroid patients. Systolic blood pressure was significantly 
higher in the hyperthyroid patients compared to the control subjects. 
The hyperthyroid patients had significantly higher plasma 




Descriptive Statistics of the Subjects in the Study and Their Plasma 
Concentrations of TTq and Free T3 [median & (range)；. 
Control Hyperthyroid 
Subjects Patients 
Number 13 13 
Sex F F 
Age (Yrs) 29 29 NS 
(21-40) (21-41) 
Wt (Kg) 49.7 48.2 NS 
(38.6-69.4) (39.0-65.5) 
B M I (Kg m-2) 20.4 18.8 NS 
(16.9-28.5) (16.3-25.9) 
Systolic BP 100 130 ** 
(mm Hg) (90-120) (90-160) 
Diastolic BP 70 70 NS 
(mm Hg) (60-80) (60-100) 
T4 (nrnom) 83 191 *** 
(40-140)⑨ (59-120) (141-290) 
Free T3 fomol/1) 3.4 10.7 *** 
(2.2-6.3)® (2.7-5.0) (6.6-20.8) 
** P <0.01, *** p <0.001，NS No significant difference, by Mann-
Whitney U-test. 
迪 laboratory reference range. 
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3.4.4 Effect of Erythrocyte Age on Markers of Cell Age. 
The effect of the erythrocyte age on the various markers of cell 
age are shown in table 3.4 a-c. 
In both the control subjects and hyperthyroid patients creatine 
concentrations of the young cells were significantly higher than those 
of older cells and middle cells. The middle cells had higher creatine 
compared to old cells. The ratios of creatine between young and old 
erythrocytes were similar in the two groups of subjects. There were no 
differences in the creatine concentrations in any of the fractions 
between the control subjects and hyperthyroid patients. 
Table 3.4b shows that for both hyperthyroid patients and 
control subjects the young cells had significantly higher MCV 
compared to old or middle layer and the MCV of middle layer was 
higher compared to older erythrocytes. The hyperthyroid patients had 
significantly lower MCV values than control subjects for all the 
different erythrocyte age groups. There was no difference in the ratio 
of MCV of young to old erythrocytes, between the two groups of 
subjects. 
Table 3.2 
Creatine concentration, MCV and MCHC in young, middle and old 
Erythrocytes in control subjects and hyperthyroid patients [Median & 
(range)]. 
a.Creatine (mg/1 RBC) 
RBC Control(C) Hyperthyroid (H) C vs H 
Age Subjects Patients 
Young (Y) 124a，b NS 
(72-222) (75-181) 
Middle (M) 64^ 53^ NS 
(29-103) (39-98) 
Old (O) 42 33 NS 
(17-51) (22-63) 
Ratio Y / O 3.0 3.0 NS 
(1.5-5.8) (2.1-5.2) 
气b，c p <0.001 Y vs O, Y vs M, M vs 0 ’ respectively for control 
subjects and hyperthyroid patients by Wilcoxon's signed rank sum test. 
NS no significant difference by Mann-Whitney U-test. 
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b. MCV (fl) 
RBC Control(C) Hyperthyroid(H) C vs H 
Age Subjects Patients 
Young (Y) 95a，b *** 
(77-100) (71-95) 
Middle (M) 89。 83。 ** 
(72-93) (64-89) 
Old (O) 85 78 *** 
(64-89) (58-88) 
Ratio Y / 0 1.12 1.12 NS 
(1.04-1.20) (1.05-1.24) 
气 b，c p <0.001 Y vs O, Y vs M M vs O, respectively for control 
subjects and hyperthyroid patients by Wilcoxon's signed rank sum test. 
*** p <0.001, ** p <0.01, NS no significant difference by Mann-
Whitney U-test. 
c. MCHC (g/dl) 
RBC Control(C) Hyperthyroid(H) C vs H 
Age Subjects Patients 
Young (Y) 31.5a,b 31.ia,b NS 
(29.2-35.1) (29.2-32,9) 
Middle (M) 34.1。 32.9。 * 
(31.0-36.6) (30.9-34.9) 
Old (O) 35.2 36.5 NS 
(32.6-40.0) (31.6-38.9) 
Ratio Y / 0 1.11 1.16 NS 
(1.06-1.22) (1.05-1.27) 
a，b，c p <0.001 Y vs 0，Y vs M，M vs O，respectively for control 
subjects and hyperthyroid patients by Wilcoxon's signed rank sum test. 
* p < 0.05, NS no significant difference by Mann-Whitney U-test 
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Table 3.4c shows that young cells had significantly lower 
MCHC values compared to old or middle cells and middle cells had 
significantly lower MCHC compared to old erythrocytes in both the 
control subjects and hyperthyroid patients. There were no differences 
in the MCHC values of young and old cells between control subjects 
and hyperthyroid patients and there was no change in the ratio of 
MCHC of young to old cells. The MCHC of middle age cells were 
however significantly lower in hyperthyroid patients than in control 
subjects 
3.4.4 Effect of Erythrocyte Age on Nafc, Kf^ and OBS 
The effect of erythrocyte age on Nafc, Kj^ and OBS are shown 
in table 3.5 a-f. 
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Table 3.5 
Naic，Kic and OBS in young, middle and old erythrocytes from control 
subjects and hyperthyroid patients [Median and (range):. 
a. Naic (mmol/1 RBC) 
RBC Control(C) Hyperthyroid(H) C vs H 
Age Subjects Patients 
Young (Y) 5.2a 9.2 "术 
(3.9-6.8) (4.3-18.3) 
Middle (M) 5.4^ 8.4 *** 
(3.8-7.1) (5.2-14.3) 
Old (O) 6.1 9.0 *** 
(4.1-7.9) (5.9-15.9) 
Ratio Y / O 0.87 1.09 * 
(0.78-1.06) (0.72-1.25) 
a，b p <0.001 Y vs 0，M vs O, respectively for control subjects by 
Wilcoxon's signed rank sum test. 
*** p <0.001，* p <0.05 by Mann Whitney U-test. 
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b. Naic (limol/g Hb) 
RBC Control(C) Hyperthyroid(H) C vs H 
Age Subjects Patients 
Young(Y) 16.5a 30.3c 
(12.1-21.9) (19.8-62.6) 
Middle (M) 15.6^ 24.2 *** 
(11.2-20.4) (16.7-45.1) 
Old (O) 15.9 25.9 
(11.4-22.6) (17.4-62.8) 
Ratio Y / O 0.98 1.14 * 
(0.89-1.17) (0.59-1.55) 
a p <0.01, b p <0.05 Y vs 0，Y vs M，respectively for control subjects 
and c p < 0.05 M vs O for hyperthyroid patients by Wilcoxon's signed 
rank sum test. 
p <0.001，* p <0.05 by Mann-Whitney U-test. 
c. Kic (mmol/1 RBC) 
RBC Control(C) Hyperthyroid(H) C vs H 
Age Subjects Patients 
Young (Y) 104a，b 109^^ NS 
(93-136) (82-161) 
Middle (M) 104^ 107^ NS 
(94-126) (91-154) 
Old (O) 90 91 NS 
(81-113) (68-137) 
Ratio Y / O 1.15 1.18 NS 
(0.95-1.28) (0.98-1.63) 
a，b & c p <0.001 Y vs 0，Y vs M, M vs O, respectively for control 
subjects and hyperthyroid patients by Wilcoxon's signed rank sum test. 
NS no significant difference by Mann-Whitney U-test. 
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d. Kic (pmol/g Hb) 
RBC Control(C) Hyperthyroid(H) C vs H 
Age Subjects Patients 
Young (Y) 33ia，b 335^^ NS 
(297-437) (272-517) 
Middle (M) 300^ 308^ NS 
(269-360) (262-457) 
Old (O) 252 249 NS 
(230-332) (223-359) 
Ratio Y / O 1.30 1.32 NS 
(1.02-1.48) (1.17-1.54) 
气 p <0.01 Y vs O，b p <0.05 Y vs M，c p <0.001 M vs O for control 
subjects and hyperthyroid patients by Wilcoxon's signed rank sum test. 
NS no significant difference by Mann Whitney U-test. 
e. Number of OBS (per RBC) 
RBC Control(C) Hyperthyroid(H) C vs H 
Age Subjects Patients 
Young (Y) 415a，b 290^^ *** 
(341-551) (192-313) 
Middle (M) 376。 248。 *** 
(295-517) (192-313) 
Old (O) 336 207 *术* 
(287-453) (155-244) 
Ratio Y / O 1.27 1.29 NS 
(1.16-1.51) (1.15-1.67) 
a，b & c p <0.001 Y vs O, Y vs M，M vs O，respectively for control 
subjects and hyperthyroid patients by Wilcoxon's signed rank sum test. 
*** p <0.001, NS no significant difference by Mann-Whitney U-test. 
Tables 3.5 a-f shows the Naj^, Kj^, and number of OBS in the 
various erythrocyte age groups in control subjects and hyperthyroid 
patients. In the control subjects, the Naic was significantly lower in 
young cells compared to old but not when compared to middle cells 
(Table 3.5.a). The Naic of middle cells were significantly lower than 
that of older cells. No such differences in the Naj^ were seen in the 
hyperthyroid patients. In every erythrocyte age group, the 
hyperthyroid patients had significantly higher Naf^ and the ratio 
between young and old cells was greater than that of the control 
subjects. 
When the Nafc was expressed per gram of Hb (table 3.5.b)，the 
concentration in young cells was significantly higher than in middle 
cells and middle age cells had a lower concentration than older cells 
in the controls subjects. In the case of hyperthyroid patients the Naf^ 
of young cells was significantly higher than that of middle cells. The 
ratio of Najc of young to old cells was significantly higher in 
hyperthyroid patients than in control subjects. The ratios of Na^c 
between young and old cells were greater when expressed per gram 
of Hb than when the Nafc was expressed per litre of erythrocytes. 
In both groups of subjects the K[Q of young cells was 
significantly higher than that of old or middle aged cells and middle 
aged cells had a significantly higher K[Q than older cells (table 3.5c). 
The ratios of young to old cells were similar in both groups of 
subjects. In every erythrocyte age group, there was no difference in 
the K{Q of control and hyperthyroid subjects. Similar results were 
obtained whether the K[Q were expressed per litre of cells or per gram 
ofHb. 
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In control subjects and hyperthyroid patients young cells have a 
significantly higher number of OBS compared to old and middle cells 
and middle aged cells have a higher number of OBS compared to old 
cells (table 3.5.f). In all the erythrocyte age groups, the number of 
OBS was significantly lower in hyperthyroid patients compared to 
control subjects. The ratios of the number of OBS between young and 




Patient selection and criteria used to diagnose hyperthyroidism 
were as stated in section 2.6. Although the body weight and B M I were 
lower in hyperthyroid patients compared to control subjects, but these 
did not reach statistical significance. Only systolic blood pressure was 
significantly higher in the hyperthyroid patient than in control 
subjects. 
Interest in the biochemical changes during in vivo aging of 
erythrocytes has led to the development of various method for 
separating red cells according to age. Most of these methods are 
based on the observation that older cells are more dense than 
younger cells due to loss of cell water (Section 3.1). Of the methods 
available for the separation of erythrocytes according to age, the most 
commonly used involves prolonged centrifugation at a high packed 
cell volume. Murphy's modification of the method involves prolonged 
high speed centrifugation (39,000g for 1 h at 30^C) of erythrocytes 
resuspended in plasma at a packed cell volume of >0.85 at 30^C 
(Murphy, 1973). The combination of a fixed angle rotor which favours 
internal circulation of cells in the tube and higher temperature which 
reduces the viscosity makes this the most effective separation 
technique. In this study, an Eppendorf centrifuge (Model 5413) was 
used which has a fixed right angled rotor. This method was adopted 
because, in combination with the harvesting of cells by cutting the 
centrifuge tubes, it allowed separation of large volumes of fractions 
required to perform all the analyses. The disadvantage of the method 
is the lower resolution of separation that can be achieved. 
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Prolonged centrifugation of cells at room temperature resulted 
in separation of cells according to their ages. Since, reticulocytes are 
more buoyant than erythrocytes, the presence of reticulocytes in the 
various age separated fractions has been used as an indicator of cell 
age (Pfeffer & Swislocki，1976; Hentschel et al, 1986). However, 
erythrocyte creatine concentration has been demonstrated to be a 
better marker of erythrocyte age than reticulocyte counts (Opalinski 
& Beutler，1971; Fehr & Knob, 1979; Syllm-Rapoport et al, 1981; 
Smith et al, 1982). Since MCV and MCHC have been demonstrated 
to be altered with erythrocyte aging, these were also used as markers 
of erythrocyte age. A creatine concentration ratio of 3 was obtained 
between young and old cells in control subjects and hyperthyroid 
subjects. Fehr & Knob (1979) used 3-5% of the uppermost layer of 
the erythrocyte column using the method of Murphy (1973) for the 
separation of cells and found a creatine ratio of 6 between young and 
old cells. The median value for erythrocyte creatine for young cells 
from control subjects in this study was 124 mg/l. Fehr & Knob (1979) 
obtained a mean value of 255 mg/1 and Syllm-Rapoport et al (1981) 
using the technique of density gradient centrifugation for the age 
separation of erythrocytes obtained a mean value of 152 mg/l. Older 
cells have lower creatine concentrations. Fehr & Knob (1979) 
obtained values of 30-50mg/l whereas Syllm-Rapoport et al (1981) 
obtained values of 20-40 mg/l. The range of values for the lower most 
10 % of the cell column in this study was 17-51 mg/ l which is similar 
to that reported by Fehr & Knob (1979). The middle 10 % of the 
erythrocyte column had intermediate values for erythrocyte creatine 
concentration. 
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The creatine concentrations of the various age separated 
erythrocyte fraction were similar in control subjects and hyperthyroid 
patients. This suggests that there is no difference in the age of the 
erythrocytes in circulation in both groups of subjects. 
In the case of other markers of cell age, several studies have 
demonstrated that MCV decreased whilst MCHC increased with cell 
age (Cohen et al, 1976; Rennie et al, 1979). The results obtained in 
this study also showed that MCV decreased with increasing cell age in 
both groups of subjects. The ratios of MCV between young and old 
cells were also similar in both groups of subjects. 
Microcytosis without anaemia is often seen in untreated 
hyperthyroid patients (Nightingale et al，1978; How et al 1979). This 
study also demonstrated a lower MCV for hyperthyroid patients in all 
the erythrocyte age groups compared to control subjects. It is 
noteworthy that even the young cells from hyperthyroid patients had 
decreased MCV compared to those from control subjects. This 
suggests that the decrease in MCV has taken place either in the bone 
marrow or rapidly after release into the circulation. 
I t has been documented that old erythrocytes have higher 
MCHC than young cells (Murphy, 1973; Cohen et al, 1976; Rennie et 
al, 1979). This is due to the loss of cell water during aging of 
erythrocytes in vivo. This study confirmed these findings in both 
groups of subjects. 
Comparing the two groups of subjects, there were no 
differences between the MCHC of young and old cells from control 
subjects and hyperthyroid patients. However, middle cells of 
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hyperthyroid patients had significantly lower values for MCHC than 
those of control subjects. The reason for this is not known since no 
changes in MCHC have been reported in uncomplicated 
hyperthyroidism (Nightingale et al, 1978; How et al, 1979). The 
number of patients in this study was too small to conclude that MCHC 
is reduced in hyperthyroidism. 
Intracellular cations are usually expressed as mmol/1 
erythrocytes. Since the cell volume is generally proportional to the 
cell water content this is a good but relative measure of cellular 
sodium and potassium concentration when cells not separated 
according to age are used. The erythrocytes in the different density 
fractions contain about the same amount of haemoglobin, the cellular 
content of sodium and potassium is most closely approximated by 
expressing sodium and potassium as pmol/ g haemoglobin or as 
mmol/Kg red cell solids (dry weight). 
Accordingly, the Naf^ of various cell age fractions in control 
subjects showed different characteristics depending on how the results 
were expressed. When Naic was expressed as mmol/1 erythrocytes, 
young cells were found to have lower Najc than old or middle aged 
cells, although the latter difference was not statistically significant. 
This is agreement with Joiner & Lauf (1978) and Hentschel et al 
(1986). When the Nafc was expressed as pmol/g haemoglobin, there 
was a significant decrease from young to middle aged cells, with the 
older cells having significantly higher Naj^ than middle aged cells. The 
discrepancy in the Naic of the young and old cells depending on the 
way in which the results are expressed could be explained thus. The 
haemoglobin and sodium content (but not potassium) of a cell do not 
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change with age but the MCV decreases. Therefore, for a given 
volume of older cells, there would be a greater amount (content) of 
haemoglobin and sodium in that volume. Conversely, since young cells 
are larger than older cells, in a given volume, there wil l be less cells 
and hence a lower haemoglobin and sodium content. Therefore, older 
cells have a higher sodium concentration when expressed per litre of 
cells and a lower concentration when expressed per gram of 
haemoglobin. Cohen et al (1976) showed that Nafc to be similar in the 
first five of the six density fractions with the last fraction containing 
the oldest cells having higher Naf^ in both their subjects. However, 
Astmp (1974) concluded that Naic was not influenced by changes in 
the age of the erythrocyte and this study confirms that the changes in 
erythrocyte Nafc with aging were not very marked. 
Hyperthyroid patients had significantly higher Naf^ for every 
erythrocyte age group compared to control subjects whether expressed 
as mmol/1 of erythrocytes or umol/g of haemoglobin. The ratio of 
young to old cells was also higher. The latter may be due to changes in 
other pathways of sodium transport which is altered in 
hyperthyroidism (see chapter 2). 
In control subjects, this study confirms the earlier findings of 
decreases in the K{Q with increasing age of the erythrocyte whether 
expressed as mmol/1 of erythrocytes or pmol/g of haemoglobin 
(Astrup, 1974; Cohen et al, 1976; Joiner & Lauf，1978). There were no 
differences in the K{Q between control subjects and hyperthyroid 
patients. The ratios of K{Q of young to old erythrocytes were similar in 
both groups of subjects, with the ratio being higher when K{Q was 
expressed as umol/g of haemoglobin. 
138 
In control subjects, young cells had significantly higher number 
of OBS compared to older cells and middle cells, and middle 
compared to old cells. The ratio of young to old cells was 1.3 showing 
that young cells have 30% more OBS than older cells in both groups 
of subjects. The mean values previously reported (Joiner & Lauf, 
1978; Hentschel et al, 1986) for the number of OBS for young and old 
cells were lower than that were found in this study. It is difficult 
compare the results since these workers did not use creatine as a 
marker of cell age; reticulocyte counts were used in these studies and 
density gradient centrifugation was used to separate the different 
fraction of cells. The middle cells have 10% fewer OBS than young 
cells. Several studies (see chapter 2) had shown that the number of 
OBS to be negatively correlated with Nafc. The changes in the 
number of OBS do not reflect changes in Naic. This is probably due to 
other pathways of sodium which were demonstrated to be altered with 
aging (Hentschel et al, 1986; Carr et al, 1988). 
In hyperthyroid subjects, the OBS were lower for every 
erythrocyte age compared to control subjects. Nevertheless, the ratios 
of young to old erythrocytes were similar suggesting that the rate of 
decay during in vivo aging is similar in both groups of subjects. 
In summary, in hyperthyroid patients, elevations in Naj^ was 
seen in all erythrocyte age groups when compared to control subjects. 
The number of OBS showed similar age related changes found in 
control subjects with the young cells having 30% more binding sites 
than old cells. Although the number of OBS was lower in all the 
erythrocyte age groups in hyperthyroidism, young cells still had 30 % 
more OBS than old cells. These results show that the rate of decay in 
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the number of OBS in erythrocytes during aging is similar in both the 
control subjects and hyperthyroid patients suggesting that the young 
cells have reduced number of OBS on maturation from the 
reticulocyte. 
Therefore, the effect of thyroid hormone on the number of 
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4.1.1 Review of the Literature 
The terminal stage of differentiation during erythroid 
development is the loss of all cytoplasmic constituents from the 
reticulocyte to form the erythrocytes. This takes place in circulation. 
During this process, several alterations in membrane protein and 
function have been documented. 
The reticulocyte is formed in the bone marrow when an 
orthochromatic erythroblast (normoblast) ejects its nucleus, then 
traverses the wall of the marrow sinusoid, a specialised marrow vessel, 
and gains access to the peripheral blood circulation. The terminal 
stage of erythroid differentiation takes place in circulation when the 
reticulocyte matures into an erythrocyte. The transition from the 
reticulocyte to the erythrocyte is associated with various 
morphological and biochemical changes. Under normal conditions, 
the maturation time of the reticulocyte in the bone marrow is 
estimated to be about 3 days, with 1 day spent in peripheral blood. 
The reticulocyte is readily distinguished from precursor cells because 
it no longer contains a nucleus, and from mature erythrocytes by the 
presence of remnants of RNA. 
The reticulocyte derives its name from the characteristic 
network that appears when stained with supra vital stains such as 
brilliant cresyl blue, new methylene blue, neutral red and the 
fluorescent dye, acridine orange. The recognition though it appears 
simple, has its limitations and pitfalls as very mature reticulocytes 
have only one or two specks and thus easily escape detection whereas 
the early reticulocytes have a compact network of reticulin which 
occupies the entire cell. On the basis of this, reticulocytes can be 
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classified into 4 stages of maturity. Type 1 has a compact reticulin 
occupying the entire centre of the cell. Type 2 is the dispersion into a 
filamentous reticulin all over the cell. Type 3 has an incomplete or 
loose network of residual reticulin. Type 4 is where only scattered 
granules or few specks remain in the cell. In healthy humans, about 
60% of the reticulocytes are type 4，about 32% are type 3，about 7% 
are type 2，and only 0.7% are type 1 showing that a majority of cells 
that enter the circulation are very mature reticulocytes (Koepke & 
Koepke, 1986). 
An increased number of reticulocytes in the peripheral 
circulation is a sign of enhanced erythropoiesis. In healthy human 
subjects, the percentage of reticulocytes in circulation is about 1-2%, 
while rabbit, guinea pig, rat and mouse have about 2-4%. In some 
animals such as cattle, sheep and horses, reticulocytes are not 
normally present as the final maturation takes place in the bone 
marrow in these species. Techniques such as affinity chromatography 
utilising transferrin-liganded agarose columns are available to harvest 
sufficient quantities of reticulocytes from peripheral blood. Blood 
from anaemic individuals are often used to obtain higher yields of 
reticulocytes. In experimental animals reticulocytosis can be induced 
by rendering the animals anaemic by phlebotomy or by injection of a 
haemolytic agent such as phenylhydrazine. A serious disadvantage of 
both methods is that reticulocytes produced may not reflect those that 
have undergone normal maturation. Reticulocytes normally found in 
the peripheral blood are slightly larger than erythrocytes and contain 
about 90% haemoglobin. In contrast, reticulocytes produced by stress 
induced erythropoiesis are almost double in size. This has been 
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suggested to be due to premature release of cell from the bone 
marrow (Rapoport, 1986b). 
4.1.2 Intracellular Organelles 
The reticulocyte contains a few intracellular organelles such as 
ribosomes，mitochondria, endoplasmic reticulum and Golgi apparatus. 
4.1.2.1 Ribosomes & RNA 
One of the striking features of the reticulocyte is its ability to 
synthesise proteins at the translational level. Globin synthesis 
accounts for over 90%, and lipoxygenase accounts for 4% of the 
protein synthesis. There is also synthesis of catalase, carbonic 
anhydrase and membrane proteins such as band 4.1. This list is by no 
means exhaustive, as several new mRNA for various proteins are 
being discovered from reticulocyte lysate (Rapoport, 1986d). 
The overwhelming majority of ribosomes bound to the stroma 
of the reticulocytes are functionally not different from those found 
free in the cytosol. Overall, there are relics of the system by which 
proteins destined for the membrane are translocated and modified 
(Rapoport, 1986d). 
4.1.2.2 Mitochondria 
Mitochondria are present in the reticulocytes. Because of the 
maturational changes, mitochondria isolated from reticulocytes are 
extremely heterogeneous. In density fractionated (age fractionated) 
reticulocytes, the most immature cells contain mostly orthodox and 
condensed form of mitochondria indistinguishable from those isolated 
from, for example liver. The average size of the mitochondria is also 
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similar to those found in the liver. In more mature reticulocytes, 
degraded forms of the mitochondria predominate; the cristae are 
often destroyed (Rapoport, 1986b). 
Respiratory characteristics of reticulocyte mitochondria show 
remarkable similarity with those from animal tissues. They contain a 
full compliment of citric acid cycle enzymes, glutamate dehydrogenase 
and aspartate aminotransferase. The pattern of enzymes present also 
resembles mitochondria from other cells, with malate dehydrogenase 
being the highest followed by aspartate dehydrogenase and succinate 
dehydrogenase. Monoamine oxidase, a marker for the outer 
membrane of mitochondria has also been demonstrated in 
reticulocytes clearly indicating that the mitochondria are functionally 
active (Rapoport, 1986b). 
4.1.2.3 Other Organelles 
Examination of the morphology of the reticulocyte has 
indicated that there are a few lysosomes and Golgi apparatus present 
in the mitochondria. Activities of enzymes indicative of lysosomes viz 
Z?era-N-acetylglucosaminidase, foe 如-galactosidase and beta-
glucuronidase, were found. The activities of all the above enzymes 
especially 办 e f a - N - a c e t y l g l u c o s a m i n i d a s e were low. 
At the last mitosis in the bone marrow there is a drastic 
decrease in the amount of rough endoplasmic reticulum and of the 
Golgi apparatus. The marker enzyme for endoplasmic reticulum, 
NADPH-cytochrome G reductase activity was present in the 
reticulocytes (Rapoport, 1986b). 
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4.1.3 Changes in the Sodium Pump 
Several studies have demonstrated that there are substantial 
decreases in the membrane proteins during the maturation of the 
reticulocyte to the erythrocyte. One of the earliest of these 
demonstrated that sheep reticulocytes have about a 20 fold higher 
number of sodium pump sites, as assessed by OBS, than mature 
erythrocytes (Ellory & Tucker, 1970). There was a concomitant 
increase in the ouabain-sensitive K + uptake of about 30 fold and the 
Na+，K+-ATPase activity was about 20 fold higher in the reticulocytes 
than in the mature erythrocytes. This study demonstrated that there 
was a loss of sodium pump sites during the maturation of the 
reticulocyte to erythrocytes (Ellory & Tucker, 1970; Blostein, 
Drapeau, Benderoff & Weigensberg, 1983). 
Wiley & Schaller (1977) using reticulocyte-rich blood obtained 
from anaemic subjects demonstrated the loss of sodium pump sites in 
humans. Reticulocyte-rich blood possessed a larger number of OBS 
than mature erythrocytes. In addition, there was a linear relationship 
between the number of OBS and percentage of reticulocytes in the 
peripheral blood. The number of OBS of anaemic blood which has 
20% reticulocytes was found to be 800. By extrapolating this data, the 
authors estimated the number of OBS per reticulocyte to be 4,000. 
This was 11 fold higher than that of mature erythrocytes which was 
shown to possess about 360 OBS. Ouabain-sensitive K influx and 
22Na efflux rates were concomitantly higher in reticulocytes than 
erythrocytes (Wiley & Shaller，1977). 
This maturational loss of OBS was also demonstrated in rats 
made anaemic by phenylhydrazine administration; reticulocytes 
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possessed a 4 fold higher number than mature erythrocytes. In 
addition, higher ouabain-sensitive K influx (4 fold) and passive efflux 
(3 fold) were observed when compared to mature erythrocytes. The 
Nafc and K{Q were however unaltered during the maturation 
(Funikawa, Bilezikian & Loeb，1981). 
4.1.4 Changes in Other Membrane Proteins 
The loss of proteins during the transition of the reticulocyte to 
erythrocyte is not confined to the sodium pump; there are several 
other membrane bound proteins which also undergo similar 
maturational decline. 
A specific sodium carrier such as the SPC was also 
demonstrated in rabbit reticulocytes. The maximal rate of this 
fnisemide and ethacrynic acid sensitive Rb carrier declined about 10 
fold after maturation to erythrocytes with no change in the affinity 
(Km) for Rb (Panet & Atlan，1980). 
Transferrin receptor found in abundance in the reticulocytes is 
completely lost on maturation to the erythrocytes in rabbits (Van 
Bockxmeer & Morgan，1979) and in humans (Frazier, Caskey, Yaffe & 
Seligman, 1982). Hence, transferrin-liganded agarose became the 
choice of ligand to separate reticulocytes from erythrocytes (Light & 
Tanner, 1978). A 10 fold decline in the number of insulin receptors 
was also demonstrated on maturation of the rabbit reticulocyte 
(Thomopoulous, Berthellier & Laudat，1978). In the case of beta-
adrenergic receptors, a four fold loss on maturation was reported in 
rats (Dickinson, Richardson & Nahorski，1981). A 25 fold loss in the 
adenyl cyclase activity and a decline in the sensitivity to beta-
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adrenoreceptor stimulation was demonstrated in the rat (Bilezikian, 
Spiegel, Brown & Aurbach, 1977). Furthermore, decline in the uptake 
rates of various amino acids and nucleosides have also been reported 
(Tucker & Young, 1980) and in some species such as the guinea pig, 
the amino acid transporter - system gly is completely lost on 
maturation of the reticulocyte to the erythrocyte (Fincham, Willis & 
Young, 1984). 
4.1.5 A im of the Study 
The aim of this study was to examine the effect of T3 on the 




Male adult Dunkin Hartley guinea pigs weighing between 800-
lOOOg were kept in the animal house in a 12 hour light/dark cycle at 
an ambient temperature of 22^C which was maintained by the central 
air-conditioning system of the hospital. The animals were fed on 
Guinea pig chow-5025 (Purina Mills Inc., St Louis, MO, USA) with 
water ad libitum. 
4.2.2 Induction of Reticulocytosis 
Reticulocytosis was induced by phlebotomy. Under ether 
anaesthesia, 6-10 ml of blood was withdrawn daily by cardiac puncture 
for 5 consecutive days (Fincham et al, 1984). On the third day after 
the last phlebotomy, 25ml of blood was withdrawn by cardiac 
puncture with a 30ml heparinised sterile disposable syringe under 
ether anaesthesia. The blood was transferred to 3 lithium heparin 
tubes and kept on ice. 
4.2.3 Identification of Reticulocytes 
Reticulocytes in whole blood are readily distinguished from 
erythrocytes by light microscopy due to the presence of remnants of 
RNA which form a reticulin in the presence of supravital stains such 
as brilliant cresyl blue or new methylene blue (Dade & Lewis, 1984b). 
New methylene blue staining was used in the experiments as this 
technique is used routinely in the Department of Haematology 
(Anatomical & Cellular Pathology) at the Prince of Wales Hospital. 
The procedure is as follows: 
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An aliquot (0.1ml) of whole blood was mixed with an equal 
volume of new methylene blue staining solution [1% w/v in NaCl 
(0.154 mol/1)] in a tube and incubated in a water bath at 37^C for 15 
minutes. At the end of the incubation, a small drop was transferred by 
a pipette to a 2.5x7.5 cm microscope slide. A thin f i lm of stained blood 
was made and allowed to air dry. After the fi lm had dried, the slide 
was examined under a light microscope (Nikon Labophot) at a 
magnification of 1000 using an oil immersion lens. An area where the 
cells were undistorted containing approximately 200-300 cells was 
counted; four such areas were counted. A total of approximately 800-
1000 cells were counted from each stained blood film. The percentage 
of reticulocytes were determined from these counts thus: 
% Reticulocytes = Number of Reticulocytes x 100 
(Total number of RBC s + Reticulocytes) 
4,2.4 Separation of Reticulocytes from erythrocytes 
The method for the separation of reticulocytes from 
erythrocytes is based on the principle that reticulocytes are more 
buoyant than erythrocytes. Thus prolonged centrifugation of a 
reticulocyte-rich blood would result in reticulocytes remaining at the 
top whilst erythrocytes would go to the bottom (Murphy, 1973). 
The reticulocyte-rich blood was centrifuged, plasma and buffy 
coat removed. The reticulocyte-rich erythrocytes were washed three 
times with excess ice cold MgCl2 (0.11 mol/1, osmolality 285 5 
mOsm/Kg water). Care was taken not to aspirate the top layer. The 
cells were transferred to several 0.6 x 45 mm microcentrifuge tubes 
(Bioplas Inc, CA, USA). The tubes were centrifuged at 8,800g for 30 
minutes at room temperature. After centrifugation, the top 10 % of 
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the cell column was cut and pooled as described in section 3.2.4. An 
aliquot of this cell suspension was removed for new methylene blue 
staining for the enumeration of reticulocytes (section 4.2.3). 
4.2.5 Treatment of guinea pigs 
On the fourth day of the bleeding schedule T3 (50 pg/lOOg 
body weight) dissolved in a mixture ofNaCl (0.154 mol/1) :NaOH (0.1 
mol/1) in the ratio 19:1 was injected subcutaneously. On the same day, 
solvent for T3 was injected into another group of animals who served 
as controls. The injection was repeated on the sixth day in both the T3 
and control group of animals. 
Schematic Representation of Treatment Procedure 
O2 Consumption 
f 1 ~ Bleed Blepd 
1 2 3 4 5 ^ 6 7 8 
T3 or Solvent Treatment 
4.2.6 Oxygen Consumption 
Since the cardinal effect of thyroid hormone is to increase the 
basal metabolic rate，oxygen consumption of guinea pigs was 
determined (Guernsey & Eddman，1983). 
Oxygen consumption was determined by indirect calorimetry in 
a continuous flow system (Model O2 ECO, Columbus Instruments, 
Ohio, U S A) on the fifth day of the bleeding schedule. The system as 
shown in figure 4.1 consists of the following: 
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Figure A.l 
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(a) a cage to contain the animal in a controlled environment which was 
maintained at 22^C by the central air conditioning system of the 
hospital 
(b) one pump (#1) to provide a stable source of fresh air to the animal. 
Another pump (#2) to provide a sample of cage air to the oxygen 
sensor 
(c) flow meters to measure the volume of fresh air entering the animal cage 
and the volume of cage air entering the sensor. 
The procedure is as follows: The animal was placed in the cage 
and atmospheric air was pumped via the flow meter at a rate of 2 
1/min. Air from the cage was removed by another pump via an air 
valve. The flow rate of air leaving the cage was maintained at rate of 1 
1/min; the lower flow rate was to prevent any extraneous air leaking 
into the cage containing the animal. The air valve can be switched to 
sample cage or atmospheric air, either manually or automatically. The 
air coming from the cage was dried and carbon dioxide removed 
before being passed to the sensor for electrochemical detection of 
oxygen (Columbus Instruments, Ohio, U S A). A timer device was 
used to switch the valve so that the oxygen concentration in the 
ambient air was determined for 5 minutes followed by that coming 
from the cage. This switching cycle was repeated automatically. 
The flow rates of both pumps were stable for at least 6 hours. 
A chart recorder was used to record the output from the sensor which 
showed that mixing was complete as steady values were obtained for 5 
minutes. The precision of the instrument as assessed using a small 
burner was found to be 3% (Swaminathan et al, 1989). 
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Derivation of the formula for the calculation of oxygen consumption 
The volume of the air (oxygen & nitrogen) entering (Vin) is 
equal to the volume of air leaving (Vout) when there is no animal in 
the cage. 
V in = Vout 
When an animal is placed in the cage, the amount of nitrogen 
entering and leaving the cage is unaltered whereas the amount of 
oxygen leaving the cage is altered due to conversion to carbon dioxide 
by the animal. This carbon dioxide is absorbed before the air coining 
out of the cage is completely sampled by the oxygen sensor. 
V in - V in x Xin = Vout - Vout x Xout 
where Xin and Xout the fractions of oxygen entering and leaving the 
cage. This equation could be rearranged thus: 
Vin (1 - Xin) = Vout (1 - Xout) or 
Vout = Vin (1 - Xin) / (1- Xout) 1 
Oxygen consumption = (Vin Xin) - (Vout Xout) 2 
Substituting equation 1 in 2 results in the equation for the calculation of 
oxygen consumption. 
Vin (Xin - Xout) 
O2 consumption = 
(1 - Xout) 
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4.2.7 Determination of Number of OBS 
The determination of number OBS was determined as 
described in section 2.2.9 with modifications. Erythrocytes and 
reticulocytes were resuspended to produce haematocrits of 10-15% 
and 5-10%, respectively. The incubation times were 2 hours at 25®C. 
Non-radioactive ouabain concentration used ranged from 18.5 nmol/1 
to 0.185 | imol/ l and 18.5 nmol/l to 0.37 |imol/l, for erythrocytes and 
reticulocytes, respectively. 
4.2.8 Statistics 
Results are given as median and range. Mann-Whitney U test 
was used to compare the two groups of animals. 
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4.3 RESULTS 
4.3.1 Establishment of the Method for Determining the Number of OBS 
(a) Effect of incubation time on binding of ouabain to erythrocytes 
In order to assess whether binding of ouabain to erythrocytes 
was in equilibrium, the effect of incubation time on ouabain binding 
to erythrocytes at 37^C was investigated at 3 different ouabain 
concentrations. Figure 4.2 shows the results of the experiment and the 
concentrations of ouabain used. 
At all three concentrations of ouabain, the amount of ouabain 
bound decreased with increasing time. 
(b) The effect of temperature on binding of ouabain with time. 
Since at 37^C, the binding of ouabain decreased with 
increasing time, the effect of lowering the temperature to 25^C on the 
binding of ouabain to erythrocytes was examined. Ouabain was used 
at 2 different concentrations and erythrocytes from two guinea pigs 
were used in this experiment. Figure 4.3 shows the binding data The 
amount of ouabain bound reached an equilibrium after 2 hours of 
incubation at the low and high concentrations of ouabain used. 
Therefore, all ouabain binding experiments, were performed at 25^C 
for 2 hours. 
4.3.2 Scatchard Analysis of Binding of Ouabain to Erythrocytes. 
Erythrocytes were incubated at different concentrations of 
ouabain as described in section 4.3. The typical results from an 
experiment for erythrocytes are shown in figure 4.4 a & b. Erythrocyte 
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Figure A.l 
Effect of Time of Incubation on finding of Ouabain 
to Guinea Pig Erythrocytes at 37°C. 
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Figure 4.3 
Effect of Time of Incubation on Binding of Ouabain 
at 25。C 
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OBS and the Kd were determined in 9 guinea pigs. The median and 
(range) for OBS and Kd were 556 per RBC (484-721) and 46 nmol/1 
(32-95), respectively. 
4.3.3 Induction of Reticulocytosis and Treatment of animals 
Reticulocytosis were induced and identified as described in 
section 4.2.2, 4.2.3, respectively. One group of guinea pigs was injected 
with T3 The other group was injected with solvent as described in 
section 4.2.5. Table 4.1 shows the volume of blood loss, % of 
reticulocytes in peripheral blood, and % of reticulocytes after 
removal of erythrocytes in control and T3 treated guinea pigs. 
There were no differences in the volume of blood loss, % of 
reticulocytes in peripheral blood or in the % of reticulocytes after 
removal of erythrocytes in both groups of animals. 
4.3.4 Weight Loss and O2 Consumption in Control and T3 Treated Guinea Pigs 
Figure 4.5 and 4.6 show the weight loss and 〇2 consumption in 
control and T3 treated animals, respectively. The T3 treated animals 
had statistically significantly higher (55%) O2 consumption and 
weight loss compared to control treated animals. The median weight 
loss in T3 treated animals was 200g (range 200-300g) whereas in the 
control group there was no significant change in the weight. 
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Table 4.1 
Volume of Blood Loss, % of reticulocytes in peripheral blood, % of 
reticulocytes after removal of erythrocytes [Median & (range)]. 
Control T3 Treated 
Volume of Blood Loss 37 38 NS 
(ml) (28-45) (29-45) 
% Reticulocytes in 38 37 NS 
Peripheral Blood (28-55) (32-51) 
% Reticulocytes after 94 94 NS 
Removal of Erythrocytes (88-98) (91-97) 
NS No significant difference by Mann-Whitney U-test 
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Figure A.l 
Body Weights of Control and T3 Treated.Guinea 
Pigs at the Beginning and End^of Experiment 
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Figure A.l 
Oxygen Consumption in Control and T^ Treated 
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4.3.5 Determination of OBS and Kd of Reticulocytes from Guinea Pigs 
Treated with T3 and Control. 
The OBS and Kd of reticulocytes from T3 and control group of 
guinea pigs were determined as described in section 4.2.3. The 
Scatchard plots of a typical experiment are shown in figure 4.7. The 
median and (range) for OBS from T3 and control treated animals 
were, 1790 (967-2767) and 3181 (1766-3640)，respectively. The 
number of OBS and K^j from T3 and control treated animals are 
shown in figures 4.8 and 4.9, respectively. 
The OBS of T3 treated animals were significantly lower 
compared to control treated animals (Figure 4.8) with no change in 
the Kd for ouabain for the two groups of animals (figure 4.9). 
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Figure 々 .7 
Scatchard Analysis of Binding of Ouabain to 
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Figure A.l 
Dissociation Constant (Kh) for Ouabain of 
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Normal guinea pig blood contains 2-4% reticulocytes. Their 
numbers may be increased by rendering the animals anaemic by 
phlebotomy or by injecting a haemolytic agent such as 
phenylhydrazine or some of its derivatives. However, the latter 
method has several disadvantages. Phenylhydrazine is an extremely 
toxic compound. Reticulocytes produced by this method show 
impairment in many of the functions. Thus, the reticulocytes produced 
by phenylhydrazine injections have decreased activity of 
acetylcholinestarase, adenylate cyclase, electron transport, losses of 
membrane fluidity and deformability (Rapoport, 1986c). In this study, 
reticulocytosis was induced by phlebotomy. One of the disadvantages 
of this method is that macroreticulocytes are produced which in turn 
mature into macroerythrocytes (Rapoport, 1986b). Therefore, 
reticulocytes produced by these two methods may not reflect those 
that have undergone normal maturation. 
Guinea pig was chosen as the experimental animal because the 
sensitivity of tissues and cells including erythrocytes to ouabain is 
lower than that for rats (Akera et al, 1969). 
Ouabain binding studies were performed at 25^C because at 
37^C ouabain binding to erythrocytes was not in equilibrium. At 
25^C, ouabain attained equilibrium binding after 2 hours and 
remained steady up to 4 hours. The T3 dose was chosen on the basis 
of published reports for other animals such as rats (Asano et al, 1976; 
Haber & Loeb，1986) and in preliminary experiments, it was found 
that higher doses were toxic to guinea pigs. 
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This study confirms that there is a 6 fold loss of OBS during the 
maturation of reticulocytes to erythrocytes (as calculated from the 
medians) with no change in the affinity for ouabain (Kd). This 
maturational loss of OBS has also been reported in rats, where there 
is a four fold decrease (Furukawa et al, 1981) and in sheep, where 
there is a 22 fold decrease (Ellory & Tucker，1970). Thus, the 
maturation of reticulocytes to erythrocytes is accompanied by a loss of 
OBS. 
The cardinal effect of thyroid hormone administration is the 
increase in the basal metabolic rate (increased oxygen consumption) 
and loss of body weight. The guinea pigs injected with T3 
demonstrated both these effects compared to the control group of 
animals showing that the dose of T3 was adequate. In both groups of 
animals, the volume of blood loss, the % of reticulocytes in 
peripheral blood and the % of reticulocytes after removal of 
erythrocytes were similar. Thus, the two groups of animals were 
similar except for T3 treatment. 
Hitherto, there has been no previous report of any studies on 
the effect of T3 (or any other hormone) on the number of OBS of 
reticulocytes. In this study, the reticulocytes from the T3 treated group 
demonstrated significantly lower number of OBS compared to those 
treated with the control with no change in the Kd for ouabain. This 
suggests that the decrease in the number of OBS has already taken 
place in the bone marrow and that reticulocytes when released into 
circulation had a lower number of OBS than control animals. I f the 
accelerated decrease took place during the maturational change, then 
the number of OBS in both groups of animals would have been 
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similar. The range of values for the number of OBS was large in both 
the vehicle (1766-3640) and T3 treated (967-2767) compared to that 
of the erythrocytes (484-721). This is probably due to the presence of 
reticulocytes in various stages of maturation in circulation (section 
4.1). The lower number of OBS found in reticulocytes from T3 treated 
group of animals suggests that the reduction in the number of OBS 
may be either due to an effect of T3 on developing reticulocytes in the 
bone marrow or due to rapid maturation on release into the 
circulation in the T3 group. The reticulocytes mature in the 
circulation into erythrocytes in a day and when blood films stained 
with new methylene blue were examined, no differences in the stage 
of maturation of reticulocytes were obtained between the two groups. 
Since, reticulin is mainly remnants of RNA, determination of RNA 
content may have been of value for comparison of the reticulocytes 
from the two groups of animals. The effect of T3 administration on 
the number of OBS of mature erythrocytes was not examined as it is 
only the new cells that wil l be affected and thus the changes would not 
be noticed for a considerable time. 
In summary, this study has demonstrated that the OBS of 
reticulocytes from T3 treated were lower than those from control 
treated guinea pigs suggesting that T3 acts at an early stage of 
erythropoiesis. 
To examine this, the effect of T3 on the Na+，K+-ATPase 
activity of a cell line committed to the erythroid lineage (K562) was 
investigated in the next chapter. 
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Chapter 5 
Thyroid Hormones and Na + � K + - A T P a s e 
Activity o fErythro id Cells 
172 
5.1 Review of the Literature 
The human erythrocyte is a non-nucleated biconcave disk 
shaped cell. Its elasticity allows it to insinuate through narrow 
capillaries and sinusoids. The primary function of the erythrocyte is to 
carry oxygen and remove carbon dioxide from the tissue. The 
erythrocyte is a specialised cell (not a dead cell). It has a life-span of 
about 120 days and carries "on board" the items necessary for its 
survival. In the adult mammal, the bone marrow is the major site of 
erythropoiesis. 
5.1.1. Erythroid Differentiation and Maturation 
Erythroid differentiation can be defined as the process of 
synthesis of specific product(s) that imparts to the cell the potential 
ability to perform specific function(s) characteristic of a erythrocyte. 
Erythroid maturation can be described as a chain of well defined 
morphological and biochemical events initiated by differentiation, 
leading to the formation of the mature erythrocyte which performs its 
predetermined tasks throughout its life span in circulation. 
i 
I 
Experimental evidence suggests that all haemopoietic cells, i 
including leucocytes, originate from a common stem cell - the 
pluripotent stem cell. This stem cell possesses 3 important capacities, 
viz self renewal, proliferation and differentiation. The haemopoietic 
hierarchy can be viewed as comprising of three compartments - 1) 
stem cells 2) committed progenitor cells 3) proliferating cells. 
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1. Stem Cell 
The truly pluripotent stem cell has not been identified without 
any ambiguity. There are however, several identifiable cell types 
whcih have been claimed to be the stem cell. One of earliest 
progenitor cells to be discovered was the colony forming unit - spleen 
(CFU-S). This cell is also known as the CFU-GEMM (granulocyte, 
erythrocyte, macrophages, megakaryocyte). Some observations 
suggest that CFU-S and CFU-GEMM are still relatively mature 
pluripotent progenitors. Subsequently, a unique type of haemopoietic 
colony of cells was identified which consisted only of undifferentiated 
blast cells, which may be the primitive stem cell. These cells showed 
no sign of terminal differentiation and appeared to be precursors of 
CFU-GEMM or CFU-S. The presumptive true stem cell have both 
the capacity of self renewal and of differentiation (Ogawa, Porter & 
Nakahata, 1983; Izak, 1985; Rapoport, 1986a). 
2. Committed Progenitor Cells 
The most primitive progenitor cell committed to the erythroid 
lineage is the burst forming unit-erythroid (BFU-E). Commitment is 
defined as the irreversible process that leads to the expression of a 
particular phenotype. In the case of erythropoiesis, it is the expression 
of the phenotype for the formation of erythrocytes with the 
suppression of the phenotype of other blood cells such as 
granulocytes, macrophages and megakaryocytes. The BFU-E consists 
of two classes: a) the immature BFU-E which requires about 2 to 3 
weeks to give rise to large colonies in vitro, and b) the more mature 
BFU-E a transitory cell which develops rapidly into the colony 
forming unit - erythroid (CFU-E). CFU-E is a erythroid committed 
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Stem cell which responds to erythropoietin (at lower concentrations 
than BFU-E) stimulation by proliferating and maturing to reach the 
reticulocyte-erythrocyte stage (Ogawa et al, 1983; Izak, 1985; 
Rapoport, 1986a). 
3) Proliferating Cells 
The subsequent maturational stages of the erythroid series all 
have easily identifiable morphology based on Giemsa stain. 
a) The Proerythroblast (Pronormoblast) 
The earliest cell in this lineage is the proerythroblast or the 
pronormoblast. This cell is ovoid in shape and is about 20-25|i in 
diameter. The nucleus occupies 80% of the cell. Its chromatin 
network is less delicate and tends to be arranged in clumps.The 
nucleoli are one to three in number. The cytoplasm is reduced to 
about 2p in width and stains deep blue with Giemsa. This blue colour 
is attributable to the presence of large amounts of RNA. Very little 
haemoglobin is present. This cell is endowed with considerable 
mitotic activity (Bessis, 1973; Piatt, 1979). 
b) Basophilic Normoblast (Erythroblast) 
The basophilic normoblast is decreased in size from the 
proerythroblast and generally measure 16-18|i in diameter. Most of 
the iron destined for haemoglobin synthesis is taken up at this stage. 
The nucleus stains dark purple to black. The cytoplasm stains a 
uniform dark blue. This cell also demonstrates considerable mitotic 
activity. Often the nucleus divides first without the cell having divided. 
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In some cases, basophilic normoblast with four nuclei have been 
encountered (Bessis, 1973; Piatt, 1979). 
c). Polychromatic Erythroblast (Normoblast) I & I I 
The polychromatic erythroblast represents the next stage in the 
maturation of the erythrocyte. It is characterised by the abundance of 
haemoglobin. As maturation progresses the nucleus becomes 
progressively reduced in size and stains darker. The cell is 12-15p in 
diameter with a shrunken, condensed, more mature nucleus whose 
chromatin is blue black, coarse and clumped. The cytoplasm is bluish 
red, or polychromatic, with red areas representing 
haemoglobinisation. As it matures, the polychromatic erythroblast 
produces more and more haemoglobin. After one mitotic division, it 
becomes a polychromatic erythroblast II. 
The polychromatic erythroblast I I have characteristic cellular 
movements. They develop hemispherical projections that appear 
along the cell edge and then are rapidly absorbed. These movements 
are even more apparent in the subsequent maturation stage. The 
polychromatic erythroblast I and I I constitute about 75% of the 
nucleated red cell in the bone marrow and is the last cell in the 
maturational series to undergo mitotic division (Bessis, 1973; Piatt, 
1979). 
d) The Orthochromatic Normoblast and the Expulsion of the Nucleus 
The orthochromatic (or acidophilic) normoblast is the product 
of maturation of the polychromatic erythroblasts. The process occurs 
over a time period of 2 days from the proerythroblast to 
orthochromatic normoblast. The nucleus has become a dark 
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homogeneous mass described as pycnotic. The cell is 8-12u in 
diameter. The nucleus is about 6\i in diameter and is eccentrically 
placed. The cell is incapable of DNA synthesis and hence does not 
undergo mitotic division. 
Most of the studies on expulsion on the nucleus employed 
phase contrast movies. The cell was shown to undergo active 
movements with the formation of several cytoplasmic processes one of 
which contained the nucleus, followed by a few convulsions which 
expelled the nucleus. It was estimated that the process took 
approximately 10 minutes to complete. Electron microscopic studies 
showed that the nucleus always carried a thin portion of the cytoplasm 
around it. Sometimes, cytoplasmic remnants were abundant and even 
contained mitochondria and vesicles. The expelled nucleus was then 
phagocytized by marrow histiocytes (Bessis, 1973; Piatt, 1979). 
e) Reticulocyte 
The reticulocyte is formed when the orthochromatic 
erythroblast expels the nucleus. The reticulocyte still retains its 
mitochondria and some basophilic substance. This basophilia is 
demonstrated with postvital stains such as cresyl blue or new 
methylene blue (See section 4.1 for review of literature). Marrow 
reticulocytes are larger and contain more reticulin than those found in 
circulation (Bessis, 1973; Piatt, 1979). 
It is the reticulocyte that enters into the peripheral circulation. 
Electron microscopic studies showed that the reticulocyte threw out 
pseudopods that passed through small openings in the wall of 
capillaries or sinuses. There was evidence of the existence of actual 
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discontinuities in the sinus wall separating haemopoietic cords of the 
bone marrow from the sinuses. It was also demonstrated that these 
openings were dynamic, both in regard to their number and their 
dimension. Thus, in haemolytic anaemia it was demonstrated that the 
number and size of these openings increase in response to 
erythopoietic stress. It was also demonstrated that early erythroid 
precursors in the bone marrow are much more rigid than 
reticulocytes. Thus it is the reticulocyte that passes into peripheral 
circulation. These observations help to explain why early erythroid 
precursors are not normally found in peripheral blood (Bessis, 1973). 
As far as erythroid differentiation is concerned, considerable 
knowledge has been accumulated over the years on the cytology and 
cell kinetics of the process. However, the reorganisation and sequence 
of biochemical events that must be responsible for the dramatic 
morphological reconstruction, in which a round nucleated 
haemopoietic stem cell is transformed into the mature anucleate disk-
shaped erythrocyte in a space of 70 hours, is largely unknown. During 
the formation of the erythrocyte, considerable "housekeeping" takes 
place; the cell takes "on board" items required and discards those that 
are not essential. One of the main difficulties of studying the 
biochemical changes has been the physical separation of cells at 
different stages of maturation, both from one another and from cells 
of different types and their subsequent collection in sufficient 
quantities. 
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5.1.2 Methods of Separation of Erythroid Cells 
There are several methods available for the separation of bone 
marrow from experimental animals and humans. In healthy animals 
and humans, the bone marrow comprises cells largely of the myeloid 
series. However, the bone marrow could be switched to erythroid 
series (over 90% of the bone marrow) by rendering the animals 
anaemic by phenylhydrazine administration (Harrison, Beswick & 
Chesterton, 1981). Density gradient centrifugation techniques using 
support media such as bovine serum albumin (Borsook, Ratner & 
Tattrie, 1969), Stractan I I (Corash et al, 1974) or "Percoll" (Harrison 
et al, 1981) have been used. The major limitation of these methods 
have been the poor resolution of separation. An alternative method 
for the separation of bone marrow has been the use of a velocity 
sedimentation system at unit gravity (Ig) using a sucrose (Petersen & 
Evans, 1967) or ficoll (Denton & Arnstein, 1973) linear gradient 
system. The velocity sedimentation system at Ig is based on the fact 
that during erythroid development, there is a continual decrease in 
the cell size from the large basophilic erythroblast to the smaller 
reticulocyte. At unit gravity the sedimentation velocity of a cell is 
approximately proportional to its size. Thus, the larger the cell, the 
more slowly it wil l sediment at Ig in a suitable medium (Petersen & 
Evans, 1967; Denton & Arnstein，1973). The limitation of this method 
has again been poor resolution, and obtaining a mixture of cells of 
differing maturity. 
179 
5.1.3 Biochemical Changes During Erythropoiesis 
Naturally, haemoglobin is the classical marker of erythroid 
cells. Other markers of erythroid cells have been those that are 
peculiar to the erythrocytes such as glycophorin and spectrin -the 
major cytoskeletal proteins of erythrocytes, blood group antigens etc. 
The changes seen during erythroid development is based on the 
erythrocyte taking "on board" items required and discarding those that 
are not essential. 
One of the earliest known biochemical changes was the 
synthesis of haemoglobin which did not begin until the late basophilic, 
early polychromatic stage. This continued to increase through late 
polychromatic and early orthochromatic stage (Bessis, 1973; Piatt, 
1979，Izak, 1985). Studies on bone marrow aspirated from anaemic 
rabbits (by phenylhydrazine administration) and separation by 
sedimentation at Ig showed that the haemoglobin content increased 
from 100 to 300 pg/mg protein as the cell matured from the 
basophilic to the polychromatic compartment. After the cell division, 
from the polychromatic to the orthochromatic erythroblast stage, the 
concentration of haemoglobin rose rapidly from, 300 to 600 pg/mg 
protein (Denton, Spencer & Amstein，1975). Carbonic anhydrase also 
increased in activity with progression of erythroid maturity; the 
activity increased most rapidly in the polychromatic stage. Catalase 
activity however, did not increase significantly during the maturation 
of the erythroblast until the reticulocyte stage. Adenylate cyclase 
activity was however, relatively constant throughout the dividing 
compartment but exhibited a 60% increase when the cell passed from 
the dividing to the non-dividing compartment (Denton et al, 1975). 
180 
Glycophorin A, a cytoskeletal protein of erythrocytes, appears 
at the proerythroblasts- basophilic normoblast stage of erythroid 
development and increases in quantity during red cell development 
(Gahmberg, Jokinen & Andersson, 1978; Robinson, Sieff, Delia, 
Edwards & Greaves，1981). 
A number of blood group antigens have been described in the 
erythrocytes. The A B H antigens are specified by carbohydrates at the 
non-reducing terminals of glycoproteins and glycolipid 
oligosaccharides. Using anti-A and anti-B antisera, it was shown that 
even BFU-E and CFU-E may contain some A B H antigens (Blacklock, 
Katz, Michalevicz, Hazlehurst, Davies, Prentrice & Hoffband，1984). 
These A B H antigens becomes more pronounced as the cell matures 
(Blacklock et al, 1984). Erythrocyte-specific-spectrin-polypeptide 
appears at pronormoblast stage and increase in quantity during 
maturation on the red cells (Ekbolm, 1984) 
There are several membrane proteins and enzymes which 
decrease during erythroid development. Glucose 6-phosphate 
dehydrogenase, 6-phosphogluconate dehydrogenase, adenosine 
deaminase and nucleoside phosphorylase exhibited similar patterns 
during erythroid development. In the dividing compartment, their 
activity was relatively high. But as the cell moved from the 
polychromatic to the orthochromatic stage i.e. after the cell completed 
its final cell division, there was a steep decline in the activity of these 
enzymes. After this, the activity of these enzymes remained relatively 
low which persisted until the reticulocyte stage. Lactate 
dehydrogenase activity also declined after the final cell division but 
the decline was less than those of the four other enzymes (Denton et 
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al，1975). An inverse relationship was shown to exist between the 
number of insulin receptors and the stage of differentiation. The less 
mature cell has about 20,000 whereas the more mature cell has about 
8000 receptors per cell (Thomopoulos, Testa, Flamier & Berthelier， 
1980). Tranferrin receptor is found in many types of cell and is not 
specific for the erythroid lineage. This protein is responsible for the 
uptake of iron and not surprisingly, this protein is found at low 
concentrations on BFU-E cells, but increases strongly during 
maturation of the erythrocyte. Erythroblasts and reticulocytes contain 
high levels but mature erythrocytes totally lack this protein. Cells that 
actively synthesise haemoglobin require considerable amount of iron 
and it is not surprising that they contain large amounts of the 
transferrin receptor (Horton，1983). 
Pyruvate kinase is present in humans in four isoenzymic forms 
(L, R, M l , & M2) the expression of which differs from tissue to tissue. 
R-type isoenzyme is present in erythrocytes, L-type is present in liver 
and is immunologically identical to the R-type (Imamura & Tanaka， 
1972). These two isoenzmyes have been demonstrated to be encoded 
by the same gene (Marie, Simon, Dreyfus & Kahn, 1981). M^-type is 
present in muscle and brain and the M2-type in leucocytes, platelets, 
liver and adipose tissue (Imamura & Tanaka, 1972). The relationship 
between erythroid cell maturation and changes in the pyruvate kinase 
isoenzymes patterns were investigated using fluorescent labelled 
antibodies to various subtypes. It was found that M2-type was 
strongest in the proerythroblasts stage, which then steeply declined 
with the maturation of the erythrocyte; the orthochromatic 
erythroblasts showing weak fluorescence. The L-type was seen 
throughout the maturation of the erythroblasts, with stronger 
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fluorescence in basophilic or polychromatic erythroblast rather than 
proerythroblasts. These results suggested that different genes code for 
M2 and L-type pyruvate kinase and the regulation of the switch in 
pyruvate kinase during erythroid maturation is similar to the switch 
from foetal to adult haemoglobin (Takegawa, Fujii & Miwa，1983; 
Takegawa & Miwa，1984). This was later confirmed using cells from 
human foetal liver (Max-Audit, Kechemir, Mitjavila, Vainchenker, 
Rotten & Rosa, 1988) 
The activity of 5-aminolaevulinic acid synthase, the rate 
limiting enzyme in hepatic haem synthesis, in human marrow cells 
separated on Percoll density gradient also showed an inverse 
relationship with the stage of the maturation. This enzyme activity was 
high in the less mature and low in the more mature cell (Fitzsimons, 
May, Elder & Jacobs，1988). 
5.1.4 In vitro Models of Differentiation and the Biochemical Changes During 
Haemoglobin Synthesis 
In the past, bone marrow from humans and laboratory animals 
have been used as in vitro models for erythroid differentiation. Bone 
marrow can be grown in culture and synthesis of haemoglobin has 
been achieved in the presence of erythropoietin. There are several 
disadvantages: the yield is poor, the cells have to be plated in a semi-
solid medium such as methylcellulose and large quantities of 
haemopoietic growth factors are required (Stanley & Jubinsky，1984). 
The earliest vims transformed cell line to be used as an in vitro 
model for differentiation has been the Friend's virus-induced murine 
erythroleukemic cell line (Friend, Scher，Holland & Sato，1971). This 
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cell line can be easily grown in culture, exhibits low levels of 
spontaneous differentiation and can be induced to differentiate by a 
variety of agents such as dimethyl sulphoxide, butyric acid and others 
(For review, see Marks & Rifkind，1978). The major limitation of 
using Friend cells is that it may not be applicable to human studies. 
In 1975, Lozzio & Lozzio (1975) established the K562 cell line 
from the pleural effusion of a patient clinically diagnosed as having 
chronic myelogenous leukemia in the terminal blast crisis. For several 
years this cell line was considered to represent the progenitor of the 
granulocytic lineage and was studied in several laboratories as a 
myeloblastic model system (Klein, Ben-Basset, Neumann, Ralph, 
Zeuthen, Polliak & Vanky，1976). 
The initial studies on the K562 cell line indicating its 
possession of erythroid features were based on the expression of a 
surface glycoprotein pattern which was similar to that of human 
erythrocytes (For review, see Gahmberg & Andersson, 1981). The 
K562 cell line contained a glycoprotein band which on polyacrylamide 
gel electrophoresis co-migrated with the major sialoglycoprotein of 
human erythrocytes (glycophorin A). 
A more definite proof of the erythroid nature was obtained 
when it was shown to be inducible to synthesise haemoglobin by 
sodium butyrate (Andersson, Jokinen & Gahmberg，1979) and 
haemin (Rutherford, Clegg & Weatherall，1979). It was also shown 
that the K562 cell line synthesised embryonic and foetal haemoglobin 
even though the cells were obtained from an adult (Rutherford et al, 
1979). Many of the inducers of Friend cells also induce the K562 cell 
line, however dimethylsulphoxide, a potent inducer of Friend cells 
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does not induce the K562 cells (Rowley, Ohlsson-Wilhelm, Farley & 
LaBella, 1981). The other major difference between Friend and K562 
cells is the ability to differentiate. Friend cells produce 100% (Marks 
& Rifkind, 1978) whereas K562 produces about 70% haemoglobin 
positive cells on induction as determined by benzidine staining 
(Rowley et al, 1981) 
Lactate dehydrogenase (LD) has been shown to exist in 
multiple isoenzymic forms. These have been designated LD 1-5. LD-1 
is the fastest migrating band towards the anode whereas LD-5 is the 
slowest. Human erythrocytes contains LD-1, LD-2 and LD-3 with 
undetectable LD-4 & LD-5. K562 cells contains all 5 isoenzymes but 
only traces of LD-1 (6%) are present. However, on induction to 
synthesise haemoglobin, LD-1 increases to about 27%，UD-4 declining 
from 26% to 6% and LD-5 disappearing completely thus resembling 
the isoenzymic pattern of mature erythrocytes (Pantazis, Lazarou & 
Papadopoulos, 1981). The enzyme activities and isoenzyme patterns 
of some glycolytic enzymes were investigated in another study 
(Jansen, Rijksen, de Gast & Staal, 1983). Induction of haemoglobin 
synthesis with Mitomycin-C or ARA-C, showed that most enzyme 
activities were reduced by a factor of 2. But, glucose 6-phosphate 
dehydrogenase, 6-phosphogluconate dehydrogenase and glutathione 
reductase activities were increased 3 to 4 fold after induction. The 
total pyruvate kinase activity of K562 cells did not change on 
induction of haemoglobin synthesis. K562 cells possessed 
predominantly the M2-type isoenzyme but traces of R-type was also 
found. However, synthesis of haemoglobin in the K562 cells did not 
alter the isoenzyme pattern (Jansen et al, 1983). Similar results were 
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obtained in another study (Max-Audit, Testa, Kechemir, Titeux, 
Vainchenker & Rosa, 1984) 
Transferrin receptors of K562 showed that on induction the 
number of binding sites to be reduced in intact cells. However, there 
were no differences in the number of transferrin receptors when cell 
lysates from induced and non-induced cells were examined. This 
suggested that transferrin receptor had become internalised and 
remained intracellularly (Hunt, Ruffin & Yang，1984). 
Additional evidence of erythroid features comes from the 
demonstration of gplOS protein, spectrin, hexose transport system 
characteristic of erythrocytes. On the otherhand, several markers of 
mature erythrocytes are absent from K562 cells. These include band 3 
protein, A B H and the Rh (D) antigens. Furthermore, no HLA-A,B,C 
or D transplantation antigens are found and the glycolipids of K562 
are very different from those of the mature erythrocytes (Gahmberg, 
Ekbolm & Andersson，1987). 
5.1.5 A im of the Study 
The primary aim of the projects was to investigate whether the 
Na+，K+-ATPase activity of a cell committed to the erythroid lineage 
(K562) can be stimulated by T3 in a concentration- and time-
dependant manner and what changes are seen on induction of 
haemoglobin synthesis. 
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5.2 MATERIALS & METHODS 
5.2.1 Materials 
RPMI 1640 with HEPES (N-[2-hydroxyethyl]piperazine-N'-[2-
ethanesulphonic acid]) and foetal bovine serum were obtained from 
Flow Laboratories Ltd, North Ryde, NSW, Australia. Penicillin (1662 
lU/mg) , streptomycin, glutamine, trypan blue dye, sodium 
deoxycholate, benzidine dihydrochloride and saponin were obtained 
from Sigma Chemical Co. U S A. A l l other chemicals were obtained 
from sources stated in section 2.2.1. ARA-C {Cytosine-beta-D-
arabinofuranoside) was donated by Upjohn Ltd, Hong Kong. 
Mill ipore filters, type GS, 0.22pm was obtained from Nihon Millipore 
Kogyo KK, Yonezawa, Japan. Sterile tissue culture flasks (50 & 250 
ml) and conical tubes (Falcon^) were obtained from Beckton 
Dickinson & Company, CA，USA. 
5.2.2 Sterilisation of glassware 
A l l glassware was sterilised either using dry heat (160^C for 
120 minutes) or wet heat (120^C for 30min in a humidified chamber 
at 15 psi). 
5.2.3 Solutions 
1. RPMI 1640 with HEPES was dissolved with 2g of NaHCOs in 1 
litre of DDW. This solution was filtered through a Millipore 
0.22pm filter using a Buchner funnel attached to vacuum 
pump. 
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2. Glutamine (200mmol/l). 1.46g of glutamine was dissolved in 50ml 
of DDW and filtered through a Millipore 0.22jim filter using a 
30ml syringe. 
3. Penicillin(500IU/ml)/streptomycin (SOOOpg/ml) solution. 0.3mg 
of penicillin and 0.5mg of streptomycin were dissolved in 
100ml of DDW and filtered through a Millipore 0.22|im filter 
using a 30 ml syringe. 
A l l the above solutions were stored at 
5.2.4.1 Heat Inactivation of Foetal Bovine Serum 
Foetal bovine serum was rapidly thawed by placing the bottle 
in a water bath at 37^C. The bottle was transferred to a 56^C water 
bath and incubated for 30 minutes with constant mixing. At the end of 
the incubation, aliquots (20ml) of foetal bovine serum was transferred 
to glass containers (25ml). The procedure was carried out in a 
biological safety cabinet (Forma Scientific Inc, Ohio, USA). 
5.2.4.2 Preparation of Cell Culture Medium (CCM) 
The CCM is RPMI 1640 supplemented with 10% foetal bovine 
serum and was prepared as follows: 
Solutions 1-3 and foetal bovine serum were transferred to a 
water bath at 37^C and kept for 15 minutes with occasional stirring. 
The cell culture medium was prepared thus: 
20 ml foetal bovine serum 
175 ml RPMI 1640 
4 ml penicillin/streptomycin 
1 ml glutamine 
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5.2.4.3 Sterility Test of CCM 
An aliquot of this CCM (5ml) was transferred to an 50ml 
culture flask and incubated at 37®C in a fully humidified atmosphere 
of 5% CO2 (Forma Scientific Inc, Ohio, U S A ) for 1 week. Every day 
for 1 week this flask was examined for growth under an inverted 
microscope (Leitz Labovert) under a magnification of 200. The batch 
of CCM was discarded if there was any cloudiness or particles. Every 
batch of CCM was tested for sterility before use. 
5.2.5.1 Growth of K562 cells 
Human K562 cell line was a kind gift from Dr David D F Ma, 
Department of Haematology, Royal North Shore Hospital, Sydney, 
Australia & Dr Yuzum Eto, Central Research Laboratories, 
Ajinomoto Co., Inc., Japan. 
1-2 X 10^ cells were stored in cryofreeze tubes in a liquid 
nitrogen storage tank and transferred to a water bath to thaw at 37^C. 
The cells were aspirated from the tube with a sterile syringe and 
transferred to a 25 ml sterile conical tube. To remove the 
cryoprotectant, 20ml of CCM was added to the tube, mixed 
thoroughly and centrifuged at 200g for 5 minutes. The supernate was 
discarded. The cells were then resuspended in CCM at a 
concentration of 1-2 x 10^/ml and transferred to a 250ml sterile cell 
culture flask. The flasks were then incubated in a fully humidified 
atmosphere of 5 % CO2 at 37^C. 
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Every day, the flasks were examined under an inverted 
microscope for growth; the actively growing cells grow in colonies of 
2,4,8 or more. Cells growing in the exponential phase was used in all 
experiments. 
5.2.5.2 Assessment of Cell Viability 
The method for the assessment of the viability of the cells is 
based on the principle that dead cells take up the dye and the live 
cells do not. 
A small quantity of cells was removed with a sterile Pasteur 
pipette and transferred to a test tube. An aliquot (0.05ml) of the cell 
suspension was mixed with an equal volume of trypan blue dye in a 
micro test tube and allowed to stand for 5 minutes. With the cover 
slide in place, an aliquot of this mixture was transferred to a 
haemocytometer by carefully touching the edge of the cover slip with 
the pipette tip and allowing each chamber to fi l l by capillary action. 
Starting with the first chamber of the haemocytometer, the total 
number of the unstained cells (viable) and blue stained cells 
(unviable) cells in four chambers were counted under a light 
microscope (Nikon, Labophot) at a magnification of 100. The 
percentage of viable cells were calculated from these counts as 
follows: 
Each square of the haemocytometer represents a total volume 
o A O 
of 0.1 mnr^ or ICT，cm. Since 1 cnr^ is approximately 1 ml, the cell 
concentration and hence the total number of cells can be determined 
using the following equation: 
Cells/ml = Average count per square x dilution factor x 10^ 
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Total number of cells in a culture flask 二 Cells/ml x Volume of cell 
suspension. 
5.2.5.3 Subculture of Cells 
After the cells had grown for three days, the cells were 
subcultured. The cell suspension was transferred to a conical tube and 
centrifuged at 25Og for 5 minutes. The supernate was discarded. From 
the total number of cells, adequate volume of CCM was added to give 
a cell concentration of approximately 0.5-1.0 x 10^ cells/ml. This cell 
suspension was reseeded into new culture flasks at a concentration of 
1-2 X 10^/ml. This procedure was carried out and regulated at will 
depending on the experiments to be performed. 
5.2.6 Effect of T3 on Na+ ,K+-ATPase activity of K562 cell line. 
Solutions: 
1. Solvent for T3 
5 ml of NaOH (O.lmol/1) was mixed with 95 ml of NaCl 
(0.154 mol/1). This solution was sterilised by filtering 
through a 0.2pm Millipore filter and stored in a sterile 
bottle at room temperature. 
2. Stock solution of T3 (1 mmol/1) 
The stock solution of T3 was prepared by boiling 32.5 
mg of T3 a small volume of solution 1 and made up to 
50 ml in a volumetric flask to give a 1 mmol/1 solution. 
The solution was sterilised by filtering through a 0.22pm 
Millipore filter using a 30 ml syringe and stored at room 
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temperature. The stock solution of T3 was diluted 
appropriately with the solution 1 and used in cell 
culture. 
K562 cells at a concentration of 1-2 xlO^ per ml in a total 
volume of 20 ml were incubated in the presence of 20ul of T3 (0.1 
mol/1) to give a final T3 concentration of 0.1 ”mol /1 or 20ul of solvent 
(solution 1) for 48 hours unless otherwise stated. The culture medium 
was not changed during the incubation period. 
5.2.7 Induction of Haemoglobin Synthesis 
Haemoglobin synthesis was induced by incubating cells with 
ARA-C (1.8umol/l) as described by Rowley et al(1981). 100 mg phial 
of ARA-C (molecular weight 243.2) was dissolved in 5ml of sterile 
saline (0.154 mol/1) to give a 0.082 mol/1 solution. This solution was 
diluted with sterile saline to give stock solution of 1.8 mmol/l. 
K562 cells at a concentration of 1-2 x 10^ per ml were cultured 
in a volume of 20 ml in the presence of 20 |il of ARA-C (final 
concentration 1.8 umol/1) for 96 hours. Control cells were incubated 
for the same period in the presence of an equivalent volume of saline 
(0.154 mol/1). The culture medium was not changed during incubation 
period. 
At the end of the incubation, cells were removed to assess cell 
viability (section 5.2.5.2) and for benzidine staining for haemoglobin. 
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5.2.8 Benzidine Staining for Haemoglobin 
Induction of haemoglobin synthesis was assessed by benzidine 
staining as described by Rowley et al (1981). Benzidine hydrochloride 
(2mg/ml in 0.5% acetic acid) was mixed with 30% hydrogen peroxide 
(5ul/ml) and added to an equal volume of K562 cells. After mixing 
thoroughly, the cells were left for 5 minutes, transferred to a 
haemocytometer to support the cells and scored as benzidine positive 
(blue) or benzidine negative (yellow) using a Nikon (Labophot) 
microscope at a magnification of 40. The cells were clearly positive or 
negative without any intermediate stages of staining. A total of 
approximately 200-250 cells were counted and the percentage of 
positive cells was determined. 
5.2.9 The Determination of Na+,K+-ATPase activity 
Na+，K+-ATPase activity was determined as described by 
Baron & Khan (1985). The Na+,K+-ATPase activity is amount of Pi 
released from ATP that is inhibitable by ouabain. 
SOLUTIONS 
Isotonic Saline : 0.154 mol/1 NaCl in D D W 
Lysing Solution 
Saponin 0.05 % (w/v) 
EDTA 2 mmol/1 
Imidazole-HCl 50 mmol/ l pH 7.6 
Solution 1: 
NaCl 200 mmol/1 
KCl 30 mmol/ l 
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MgCl2 14 mmol/1 
EDTA 2 mmol/1 
Tris-HCl 100 mmol/1 
The pH of this solution was adjusted to 7.4 with H Q (0.1 
mol/ l) and stored at room temperature. 
Solution 2: 
As in solution 1 but containing ouabain (2 mmol/1) and stored at 
room temperature. 
Trichloroacetic acid: 
0.61 mol / l was prepared by dissolving lOg of trichloroacetic 
acid in 100 ml of DDW and stored at room temperature. 
Solution A: ATP 10 mmol/1 
This solution was freshly prepared by dissolving 0.01 Ig of ATP 
in 2 ml of solution 1 prior to use. 
Solution B: ATP 10 mmol/1 
This solution was freshly prepared by dissolving 0.1 Ig of ATP 
in 2.0 ml of solution 2 prior to use. 
Preparation of Cell Lysate 
K562 cells were removed from culture and centrifuged at 250g 
for 5 minutes. The CCM was removed and discarded by suction with a 
Venturi pump. The cells were washed free of CCM by the addition of 
20ml of isotonic saline to the tube and mixing thoroughly to ensure 
that the cell pellet was dissociated. The tube was centrifuged at 250g 
for 5 minutes and the supernate removed and discarded. This was 
repeated twice. The cell pellet was resuspended in 1ml of DDW and 
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vortex mixed. The tube was frozen by immersing in methanol which 
was been precooled to -70^C. After freezing the contents, the tube 
was transferred to a water bath and allowed to thaw. This freeze and 
thaw procedure was repeated twice. To solubilise the membrane, 1.0 
ml of lysing solution was then added to the tubes, mixed thoroughly 
and left at room temperature for 30 minutes. 
Determination of Enzyme Activity 
Na+，K+-ATPase activity was always determined in quintuplet 
unless otherwise stated. Solution A or B (lOOpl) was pipetted into 
Eppendorf centrifuge tubes (1.5ml) and kept in ice/water bath. Cell 
lysate (lOOpl) was then added and vortex mixed thoroughly. At time 0， 
the tubes were transferred to a water bath at 37^C and incubated for 
1 hour. At the end of incubation, the tubes were transferred to an 
ice/water bath and trichloroacetic acid (lOOul) was added and mixed 
thoroughly. The tubes were centrifuged for 3 minutes in an Eppendorf 
centrifuge and the supernate transferred to sample cups for analysis of 
Pi as described in section 2.2.7. Protein was determined as described 
in section 5.2.10. The Na +，K+-ATPase activity was calculated from 
the difference in the Pi content of solution A minus that of solution B. 
5.2.10 Determination of Protein 
The method of Lowry, Rosebrough, Farr & Randall (1951) 
modified for non-interference by detergents and adapted to an 
autoanalyser was used (Markwell, Haas, Tolbert & Bieber，1981). 
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5.3 RESULTS 
5.3.1 Effect of Deoxycholate concentration on unmasking Na+,K+-ATPase 
activity. 
Deoxycholate together with saponin has been used extensively 
to solubilise the membrane to unmask the Na+，K+-ATPase activity 
(Skou & Esmann，1988). However, it has been reported that 
deoxycholate itself could inhibit the kidney microsomal Na +，K + -
ATPase activity. Therefore it was necessary to find the optimal the 
deoxycholate concentration in the lysing solution at which there was 
maximum Na+，K+-ATPase activity. Deoxycholate concentration in 
the lysing solution as described by Skou & Esmann (1988) was varied. 
Cell lysates were prepared by adding water and freezing and thawing 
three times (Section 5.2.9). Lysing solution containing varying 
amounts of deoxycholate were added and left for 30 minutes. 
Na+，K+-ATPase activity was determined as described in section 
5.2.8 (figure 5.1). 
The figure (5.1) showed that even at 0.025% (w/v) 
deoxycholate was inhibitory to the Na+，K+-ATPase activity of K562 
cells. Therefore, deoxycholate was not used in the lysing solution, 
thereafter. 
5.3.2 Effect of varying saponin concentration on Na+，K+-ATPase activity 
Since it was found that deoxycholate was inhibitory to 
Na+，K+-ATPase activity of K562 cell line, the other detergent in the 
lysing solution, saponin was varied to determine the optimum 
concentration required for maximal enzyme activity(figure 5.2). 
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Figure 5.1 
Effect of Saponin Concentration on — ATPase 
Activity 
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With increasing concentration of saponin, the activity of the 
enzyme increased and reached a plateau at saponin concentration of 
0.05% (w/v) or higher. Therefore, saponin at a concentration of 
0.05% (w/v) was used as the detergent in the lysing solution (Section 
5.2.9) 
5.3.3 Effect of Varying Incubation Time on Na+，K+-ATPase activity 
The method used for the determination of Na+，K+-ATPase 
activity depends on measuring the increase in the Pi liberated during 
incubation. It was important to ensure that amount of Pi liberated was 
linear with time. However, too long an incubation can cause the 
reaction to be curvilinear and hence the rate of reaction to be 
underestimated. Two cell lysates were prepared and Na +，K+-
ATPase activity determined at varying incubation times. The results of 
a typical experiment are shown in figure 5.3. 
Since, the reaction was linear upto 120 minutes and at 60 
minutes adequate amounts of Pi were liberated, in all subsequent 
experiments the cell lysate was incubated for 60 minutes. 
5.3.4. Effect of Varying the Amount of Protein on Na+，K+-ATPase activity 
To show that there was a linear relationship between the 
amount of enzyme and the amount of Pi liberated, the protein content 
in the incubation medium was varied. Two different cell lysates were 
used and the results of a typical experiment are shown in figure 5.4. 
There was a linear relationship between the amount of protein 
in the incubation medium and amount of Pi released up to 60pg in 
each tube; thereafter it became curvilinear. Therefore in all 
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Figure 5.3 
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subsequent experiments the protein concentration of the cell lysate 
was determined and then diluted with a mixture of lysing solution and 
DDW (1:1) such that the protein content in each incubation was 
always less than 60ug. 
5.3.5 Effect of varying ouabain concentration on Na +，K+-ATPase activity. 
The concentration of ouabain required to inhibit the Na+，K+-
ATPase activity of K562 cell lysate maximally was investigated. The 
ouabain concentration was varied in each of the tubes and the 
Na+，K+-ATPase activity was determined. Two cell lysates were used 
and the results of a typical experiment are shown in figure 5.5. 
The figure shows that ouabain inhibited the Na+,K+-ATPase 
activity maximally at a concentration of 10"^ mol/1. 
5.3.6 Intra- and Inter-Assay Precision. 
Intra-assay precision was determined by incubating cell lysates 
in sextuplet. Inter-assay precision was determined by carrying out the 
Na+，K+-ATPase activity in quintuplet on 34 different days. The 
results are tabulated in table 5.1. 
The results show that the inter-assay was 5.1% and the intra-
assay precision was 8.2%. 
5.3.7 Effect of T3 on the Na+，K +-ATPase Activity of K562 Cells. 
To study the effect of T3 on K562 cell line, cells were cultured 
for 48 hours in the presence of T3 (1 pmol/1) or the solvent for T3. 
The effect of T3 was examined in 4 separate culture flasks and the 
control treated cells in 5 separate flasks. 
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Figure 5.3 
Inhibition of Na+,K+-ATPase Activity by Varying the 
Concentration of Ouabain 
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Table 5.1 
Precision of the Assay (pmol Pi h"^ mg"^ protein) 
Mean土 SD C V(%) N 
Intra-Assay 0.78 土 0.04 5.1 6 
Inter-Assay 0.85 土 0.07 8.2 34 
20/1 
Table 5.2 shows the Na+，K+-ATPase activity of K562 cells 
grown in the presence of T3 or the solvent. 
The table shows that T3 stimulated the Na + ,K+-ATPase 
activity of K562 cells by 20% (p < 0.05). The viability of the cells were 
over 96% in cells grown in the presence of T3 and solvent. 
5.3.8 T3 Concentration-Response Relationship for Na+，K+-ATPase Activity of 
K562 Cells. 
Since, in preliminary studies T3 was found to be stimulatory to 
Na+，K+-ATPase activity, the concentration-response relationship of 
this stimulatory effect was examined. The K562 cells were grown in 
the presence of varying concentration of T3 for 48 hours and the 
Na+，K+-ATPase activity determined. Data from three separate 
experiments normalised as a percentage of control are shown in figure 
5.6. 
T3 stimulated the Na+，K+-ATPase activity of K562 cell line 
maximally, by approximately 30% at a concentration of 10"^mol/l 
(figure 5.6); half-maximal stimulation occurred at a T3 concentration 
of about 10-10 mol/L 
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Table 5.1 
The Effect of T3 on Na+，K+-ATPase activity (umol Pi h'^ mg-^ 
protein) of K562 cell line (Mean土SEM) 
Control T3 
Number 5 4 
Na+，K+-ATPase 0.82 土0.12 0.98土 0.05 * 
Activity 
Cell Viability 97.7土0.23 96.8土0.84 NS 
‘‘P <0.05 by Student's t-test. Cells were incubated for 2 days in the 
presence of T3 (0. Ipmol/ l) or solvent. NS no significant difference. 
Figure 5.5 206 
Activation of Na+,K+-ATPase of K562 Cells by 









ioqL ^ H I . 
^ 11 ‘ 1 1 I 
0 -11 - 9 -7 -6 
-Log 丁3 Concentration (mol/I) 
Cells were incubated for 2 days in the presence of Tt or 
solvent (mean & SEM of 3 experiments) ^ 
207 
5.3.9 Time course of Effect of T3 on Na+,K+-ATPase Activity of K562 cell 
line. 
Since, in preliminary studies of incubating the cells for 48 
hours in the presence of T3 stimulated the Na +，K+-ATPase activity 
of K562 cells, the time course of this stimulation was investigated by 
incubating cells for 24，48 and 72 hours. As controls, cells were 
incubated simultaneously with the solvent. 
Figure 5.7 shows the increases in the Na+,K+-ATPase activity 
with increasing incubation time; at 48 hours and 72 hours, the mean 
increases were 25 and 35%, respectively. In all experiments, the 
viability of the cells were over 95 %. 
5.3.10 Induction of Haemoglobin Synthesis in K562 cells 
Several studies have demonstrated that K562 cell line can be 
induced to synthesise haemoglobin by a variety of agents (Section 
5.1.4). Induction of haemoglobin synthesis was carried out in the K562 
cells by incubating in the presence of ARA-C or saline for 4 days as 
described in section 5.2.7. At the end of the incubation, cells were 
removed to assess the viability, benzidine staining for haemoglobin 
(section 5.2.8) and the Na +，K+-ATPase activity; the results are 
shown in table 5.3. 
Cells incubated with ARA-C had 78% higher benzidine 
positive cells than the control cells. Na +，K+-ATPase activity of the 
cells induced to synthesise haemoglobin was similar to that grown in 
saline. The cell viability was significantly lower on incubation with 
ARA-C than when the cells were incubated with saline. 
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Figure 5.3 
Time. Course of the Effect of Tt on Na+,K+-ATPase 
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Table 5.3 
Effect of Induction on Na+，K+ -ATPase activity (Mean 土 SEM of 3 
Experiments) 
Controls Induced 
Cell Viability(%) 98.1 土0.2 87.2+.3.1 * 
Benzidine Positive 3.2土1.0 78.7土0.9 *** 
Cells (%) 一 一 
Na+，K+-^^as气 activity 0.82土0.06 0.86土0.1 NS 
(pmol Pi t f i mg-丄 protein) 
* p <0.05, *** p <0.001 by Student，t-test. 
NS no significant difference. 
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5.3.11 Effect of Differentiation on T3 Stimulated K562 Cells 
T3 was found to stimulate the Na +，K+-ATPase activity of 
K562 cell line. However, OBS were lower in erythrocytes from 
hyperthyroid patients (Chapter 2) and reticulocytes of guinea pigs 
injected with T3 (Chapter 4). To examine the possibility that this 
apparent paradox may be due to accelerated loss of Na+，K+-ATPase 
pump sites during differentiation, induction of haemoglobin synthesis 
was carried out in the presence of T3. 
The K562 cells were sub-cultured with T3 (lO.? mol/1) and 
ARA-C or with solvent for T3 and ARA-C for 4 days. At the end of 
the culture, cells were removed for assessment of viability, benzidine 
staining, and Na+，K+-ATPase activity. 
Table 5.4 shows that there were no differences in the cell 
viability and the percentage of benzidine positive cells. Although, the 
Na+，K+-ATPase activity was higher in the cells grown in the 
presence of T3, this was not statistically significant. 
211 
Table 5.3 
Induction of Haemoglobin Synthesis in the Presence of T^ in K562 Cells 
(Mean土SEM of 3 Experiments). 
Induced Induced & T3 
Cell Viability(%) 81.8土2.3 85.8土0.8 NS 
Benzidine Positive 50.3土4.2 48.7土 1.7 NS 
( % ) 一 
ATPase activity 0.98土0.07 1.11 土0.05 NS 
(pmol Pi h一丄 mg_ 丄 protein) 
NS No significant difference by Student's t-test 
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5.4 DISCUSSION 
K562 cells were originally isolated from a patient with chronic 
myelogenous leukemia during the terminal blast crisis by Lozzio & 
Lozzio in 1975. This line was chosen because it is of human origin. 
The method used for the determination of Na+，K+-ATPase activity 
of this cell line is based on that was optimised for leucocytes (Baron & 
Khan，1985). This method measures the enzymic activity under 
standard maximum velocity (Vmax) conditions in whole cell lysates in 
vitro. 
The cells were collected from culture flasks and washed free of 
the culture medium. They were then hypotonically lysed with water. 
To ensure that the cells were disrupted, the cells were further lysed by 
freezing and thawing at -70^C three times followed by the addition of 
a lysing solution containing detergents to unmask the Na+，K+-
ATPase activity. Inclusion of deoxycholate in the lysing solution 
together with saponin (Skou & Esmann, 1988) was found to be 
inhibitory to the Na+，K+-ATPase activity. This is in contrast to that 
reported for kidney microsomal Na+，K+-ATPase activity where 
deoxycholate was found to be stimulatory (Skou & Esmann, 1988). 
The reason for this is not known but is probably due to the differences 
in the characteristics of the membrane of K562 cells. Varying the 
saponin concentration in the lysing solution, showed that the 
Na+，K+-ATPase activity could be increased by about 300% (figure 
5.2). The production of Pi was linear up to 120 minutes. 60 minutes 
was chosen as the time of incubation because adequate amounts of Pi 
were produced by the enzyme. The enzyme activity was linear up to 
60pg of protein. Ouabain inhibited the Na+，K+-ATPase activity 
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maximally at a concentration of 1 mmol/1 which is similar to that 
found for human leucocytes (Baron & Khan，1985) and for rat liver 
cell lines (Gregg & Edelman，1986; Ismail-Beigi et al, 1986; Haber et 
al, 1988). However, the Na+，K+-ATPase activity of the K562 cell 
lysate was lower than those reported for rat liver cell lines (Gregg & 
Edelman, 1986; Ismail-Beigi et al, 1986; Haber et al, 1988) but higher 
than that reported for human leucocytes (Baron & Khan，1985). 
The principal goal of this study was to investigate whether the 
erythroid precursor cell is a thyroid hormone-responsive cell to 
Na+，K+-ATPase activity and to investigate whether there are any 
changes in the enzyme activity after induction of haemoglobin 
synthesis. 
In preliminary experiments, incubating the cells for 48 hours in 
the presence of T3 (lpmol/1) stimulated the Na+，K+-ATPase activity 
by about 20%. This prompted the investigation of the increases in the 
Na+，K+-ATPase activity over a time period. The K562 cell 
Na+，K+-ATPase activity could be stimulated by up to 40% by 
culturing cells up to 72 hours in the presence of T3 at lumol/1. The 
concentration of T3 of 1 pno l / l was chosen as maximum stimulation 
of the Na+，K+-ATPase activity was obtained at this concentration 
with the rat liver cell lines (Gregg & Edelman, 1986; Ismail-Beigi et 
al, 1986; Haber et al, 1988). Investigation of the T3 concentration-
response on the Na +，K+-ATPase activity showed that maximum 
stimulation was achieved at a concentration of O.lpmol/1 and 
plateaued thereafter. This T3 concentration-response curve is similar 
to those reported for rat liver cell lines (Gregg & Edelman, 1986; 
Ismail-Beigi et al, 1986; Haber et al, 1988). The half maximal 
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Stimulation by T3 occurred at a concentration approximately 
O.lnmol/1 which is similar to that reported for A R L 15 cells (Ismail-
Beigi et al, 1986) but higher than that reported (3 nmol / l ) for Clone 9 
cells (Haber et aU988). These observations may be due to differences 
such as cellular uptake, intracellular metabolism or receptor affinity 
for T3 in K562 cells. 
K562 cells were induced to synthesise haemoglobin by ARA-C. 
The concentration and time period of induction was based on that 
reported by Rowley et al (1981) who found that about 80% of the 
cells stained positive for haemoglobin. In this study,induction resulted 
in about 80% of the cells staining for haemoglobin. The cell viability 
was slightly lower which is probably due to the toxic nature of ARA-C 
(ARA-C is a cytotoxic drug). Na+，K+-ATPase activity of the induced 
and uninduced cells were, however very similar. Jansen et al (1983) 
found that the activity of many of the enzymes of the glycolytic 
pathway to be reduced following induction of the K562 cells in the 
presence of ARA-C for 11 days at a lower concentration of 0.36 
pmol/1. In this study, cells were induced by ARA-C at a higher 
concentration of 1.8 pmol/1 for 4 days as described by Rowley et al 
(1981). The reduction in pyruvate kinase on induction shown by 
Jansen et al (1983) was not demonstrated by Max-Audit et al (1984); 
in the latter study cells were grown for 4 days and different inducers 
were used. It is possible that growing the cells for 4 days does not have 
a marked effect on the Na+，K+-ATPase activity. Determining the 
Na+，K+-ATPase activity over a prolonged time period may resolve 
whether the activity is reduced or unchanged. 
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In hyperthyroid patients differentiation of the erythroid cells is 
occurring in the presence of thyroid hormones. Therefore T3 and 
ARA-C were added simultaneously to culture flasks with K562 cells; 
ARA-C by itself served as control. The percentage of haemoglobin 
positive cells was lower than that observed earlier. This is probably 
due to the instability of ARA-C in saline. The N a+，K + -ATPase 
activity of cells grown in the presence of T3 and ARA-C was slightly 
higher than in those grown in the presence of only ARA-C, but this 
failed to reach statistical significance. The Na+,K+-ATPase activity 
of K562 cells grown in the presence of ARA-C was similar to the 
earlier experiment (table 5.3) showing that T3 is not causing a 
decrease in the enzyme activity. This is probably because the K562 
cells represent an early stage of erythroid maturation where the cell is 
endowed with considerable mitotic activity and very little changes in 
some of the enzymes were demonstrated. However, when the 
erythroid cell moved from the dividing to the non-dividing 
compartment during the formation of the mature erythrocyte major 
changes in many of the enzymes were demonstrated (section 5.1.3). 
In summary, this study has demonstrated that the erythroid 
precursor - K562 cell is a Tg-responsive cell and that the Na +，K+-
ATPase activity can be stimulated by T3 in a time- and concentration-
dependant manner. Induction of haemoglobin synthesis in these cells 
did not alter the Na +，K+-ATPase activity. 
If the Na+，K+-ATPase activity of an erythroid cell line is 
stimulated by T3, then the decreases seen in the number of OBS 
(chapters 2, 3 and 4) and other membrane proteins (chapter 2) 
suggest that it is mediated by a common mechanism. In erythroid 
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cells, an ATP-dependant proteolytic system has been shown to 
degrade membrane proteins including the sodium pump. In the next 
chapter, the effect of T3 on this proteolytic system of reticulocytes and 
K562 cells were investigated. 
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Chapter 6 
Thyroid Hormones and the ATP-Dependant 
Proteolytic System 
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6.1 The ATP-Dependant Proteolytic System 
In most cells, there is a constant turnover of proteins. This is 
essential for the dynamics of any living system. Protein breakdown 
provides amino acids for the synthesis of essential proteins during 
nutritional or hormonal deprivation and helps in the disposal of 
abnormal proteins which are produced by specific mutations, 
biosynthetic errors and free radical damage. Protein degradation is 
also essential in developmental events such as embryogenesis. A 
proteolytic system is essential in the erythropoietic cells as there are 
losses of cytoplasmic components during the differentiation of the 
pluripotent stem cell to form the mature erythrocyte (Hershko & 
Ciechanover，1982，1986; Rapoport, 1986e). 
The transition from the reticulocyte to the erythrocyte is 
accompanied by substantial losses of membrane proteins and 
receptors, disappearance of mitochondria and ribosomes, and the 
decline in the number of cytosolic proteins. Thus, the presence of a 
specific well regulated proteolytic process in the reticulocyte was 
demonstrated by Schweiger, Rapoport & Scholzel (1956) who showed 
that this was ATP-dependant. This was confirmed 20 years later 
(Hershko & Ciechanover, 1982, 1986; Rapoport, 1986e). 
Rapoport & co-workers (1956) initially observed that the 
release of non protein nitrogen by reticulocytes was energy 
dependant. Later it was confirmed that this system was highly active in 
the breakdown of abnormal proteins, e.g. globin molecules containing 
amino acids (lysine or valine) analogues. This system was stimulated 
several fold by ATP and only slightly by ADP; cAMP and AMP had 
no significant effect. The ATP-dependant proteolytic system also 
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requires Mg+ + ions for its activity. This proteolytic system is present 
in the cytosol of the cell. It is not of lysosomal origin since it was 
found in the 100，000g supernatent fraction and had an alkaline pH 
optimum of 7.8 (lysosomal enzymes usually have an acidic pH 
optimum). Rapoport & co-workers showed that the absolute rates of 
protein breakdown in vitro in reticulocytes agreed quantitatively with 
the amount of protein lost from the mitochondria. Furthermore, these 
investigators showed that the bulk of the endogenous substrates was 
mitochondria and not ribosomes (Hershko & Ciechanover, 1982， 
1986; Rapoport, 1986e). 
This ATP-dependant proteolytic system of reticulocytes was 
subsequently shown to consists of two pathways - 1) the ubiquitin 2) 
the non-ubiquitin pathway. 
6.1.1 The Ubiquitin Pathway 
The essential protein in the ATP-dependant proteolytic system 
is ubiquitin. This is a heat stable protein (up to 90^C) consisting of 76 
amino acid residues and has a molecular weight of 8.5 kDa. Ubiquitin 
has a terminal COOH gly-gly grouping which is required for its 
activity. This protein was named ubiquitin as it is found in all the cells. 
The signal event for the ubiquitin pathway is the conjugation of the 
target protein to ubiquitin by covalent peptide bonding. Ubiquitin is 
then recycled for conjugation to another protein molecule. The 
covalent peptide bonding requires the free amino groups of lysine on 
the target protein and the COOH-terminal glycine of ubiquitin. 
Multiple ubiquitins are bound to one substrate protein. Several steps 
are involved in the ubiquitin-mediated proteolytic system (Hershko & 
Ciechanover, 1982，1986; Rapoport, 1986e). 
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Ubiquit in is first activated to a thiol ester before conjugation to 
the target protein by an enzyme which is a dimeric protein of 100 kDa 
molecular mass. The reaction requires two ATP and two ubiquitin 
molecules. 
The next step involves the transfer of the activated ubiquitin-
adenylated-thiol ester to another enzyme E2. This has been purified 
from a variety of tissues and has a molecular weight of 14 kDa. 
The third step involves the transfer of ubiquitin-adenylated-
thiol ester to the free amino groups of the target protein. The linkage 
of the target protein is via peptide bonds with COOH-terminus of 
ubiquitin. The enzyme catalysing this step, E3, the ubiquitin-protein 
ligase has been purified from many tissues (Hershko & Ciechanover， 
1982，1986; Rapoport, 1986e). Five different forms of E3 have been 
purified from human erythrocytes (Lee, Midelford, Murakami & 
Hatcher, 1986). 
Breakdown of Proteins Conjugated to Ubiquitin 
Once the target protein has been conjugated to ubiquitin, the 
protein is broken down by proteases. Waxman, Fagan & Goldberg 
(1987) reported the presence of two high molecular weight proteases 
in rabbit reticulocyte lysates, one of which was found to degrade 
ubiquitin-conjugated proteins. This protease was found to be a large 
protein of molecular weight approximately 1500 kDa which degraded 
proteins when only ATP and ubiquitin-conjugating fractions were 
present. This enzyme was called the ubiquitin-conjugating degrading 
enzyme. The second protein of molecular weight approximately 700 
kDa was able to degrade proteins which did not require ATP or 
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ubiquitin. Thus, it was concluded that the reticulocyte contains two 
large cytosolic proteases one of which was essential for the 
degradation of ubiquitin conjugates and the other did not require 
ATP or ubiquitin (Waxman et al, 1987). Similar findings were 
reported by Hough, Pratt and Rechsteiner (1987). The smaller 700 
kDa protease identified in the reticulocyte lysate by Hough et al 
(1987) and Waxman et al (1987) have been demonstrated to be 
present in a variety of different tissues including liver, muscle and 
human erythrocytes (for review, see Rivett, 1989). 
It has been proposed that these two proteases may be related 
and may even share common subunits (Hough et al, 1987). Recent 
evidence suggests that the 700 kDa protease is the "catalytic core" of 
the 1500 kDa ubiquitin-conjugating degrading enzyme and the smaller 
protease may be an artifact arising from the dissociation of the larger 
protein during purification (Eytan, Ganoth, Armon & Hershko，1989). 
Furthermore, it has been reported that a eukaryotic pre-tRNA 5，-
processing endonuclease resembles very much the smaller 700 kDa 
protein (Castano，Ornberg, Koster, Tobian & Zasloff，1986). I f these 
particles are indeed similar, the intriguing possibility exists that the 
smaller protein is a "degradosome" containing both protease and 
nuclease catalytic sites. 
Inhibitors of the Ubiquitin Pathway 
Haemin and vanadate has been demonstrated to be inhibitors 
of the ATP- and ubiquitin-dependant proteolysis. Haemin suppresses 
the reaction by 50% at a concentration of 25umol/L At low 
concentrations, vanadate inhibits this process in a reversible manner 
but is without any effect on ATP-independent proteolytic system. The 
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ATP-dependant proteolytic system is not inhibited by ouabain 
(Hershko & Ciechanover，1982; 1986，Rapoport, 1986e). 
Studies on the inhibitor characteristics of the ubiquitin-
conjugate degrading enzyme showed that it is sensitive to reagents 
such as N-ethylmaleimide suggesting that thiol groups are important 
for their activity. This enzyme is also sensitive to heparin and poly 
anionic polypeptides (Hough et al, 1987; Waxman et al, 1987). 
6.1.2 The Non-Ubiquitin Pathway 
As early as 1984，Goldberg and co-workers demonstrated that 
the rabbit reticulocytes contains a proteolytic system that did not 
require ubiquitin but was however ATP dependant. Even after 
ubiquitin conjugation was prevented by blocking the amino groups of 
protein substrates by methylation, acetylation, carbamylation or 
succinylation, there was degradation of these proteins was ATP-
dependant. This study showed that an ubiquitin-independent but 
ATP-dependant proteolytic system was present for the breakdown of 
proteins that cannot be conjugated to ubiquitin (Tanaka，Waxman & 
Goldberg, 1984). Subsequently, it was demonstrated that this system is 
present in other tissues as well (Driscoll & Goldberg, 1989). It was 
shown that skeletal muscle contains a 650 kDa protein (proteasome) 
which degraded protein in an ATP-dependant but ubiquitin-
independent manner (Driscoll & Goldberg, 1989). This proteasome 
has also been demonstrated in reticulocyte lysates (Matthews, 
Tanaka, Driscoll, Ichihara & Goldberg, 1989). 
An additional proteolytic system not requiring ATP or 
ubiquitin has also been demonstrated in human erythrocytes 
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(McGuire & DeMartino，1986) and rabbit reticulocytes (Fagan, 
Waxman & Goldberg，1986). When human erythrocytes or rabbit 
reticulocytes were depleted of ATP, exposure to oxidants such as 
phenylhydrazine or nitrite showed large increases in protein 
breakdown. The lack of the ATP-dependance means that the 
degradation of oxidant damaged proteins does not require ligation to 
ubiquitin. This pathway differs from the ATP-dependant process in 
many respects. The ATP-independent pathway is less sensitive to N-
ethylmaleimide, haemin and 3,4-dichlorocoumarin (Fagan et al, 1986; 
McGuire & DeMartino，1986). 
Thus, reticulocytes contains multiple pathways for degradation 
of proteins by either an ATP-dependant or ATP-independent process. 
Erythrocytes on the other hand lack the ATP-dependant process 
however, they retain the capacity to degrade oxidant damaged 
proteins (Fagan et al, 1986). 
6.1.3 ATP-Dependant Proteolysis and Erythropoiesis 
As discussed in Chapter 5, erythroid differentiation involves 
profound reorganisation of the pluripotent stem cell, synthesis of 
essential proteins and degradation of intracellular organelles and 
membrane proteins (section 5.1.2). The discovery of the ATP-
dependant proteolytic system led to the suggestion that this system 
may be involved in the loss of proteins during the differentiation 
process. 
The presence of the ATP-dependant proteolytic system has not 
yet been demonstrated in mammalian erythroid precursors. However, 
an ATP-dependant proteolytic system has been demonstrated in both 
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K562 cells (Rieder, Ibrahim & Etlinger，1985) and in mouse (Friend) 
cells (Rieder et al, 1985; Waxman, Fagan, Tanaka & Goldberg，1985). 
Induction of haemoglobin synthesis by dimethyl sulphoxide in Friend 
cells, increased the ATP-dependant proteolytic system 2-fold. 
However, no such increases were found when the K562 cells were 
induced with haemin (Rieder et al, 1985). This is probably due to the 
known inhibitory action of haemin on the ATP-dependant proteolytic 
system. Waxman et al (1985) showed that Friend cells contains an 
ATP-dependant but an ubiquitin-independent pathway which was 
inhibited by haemin, and N-ethylmaleimide. A 600 kDa protein 
responsible for the degradation of the ATP-dependant proteolytic 
pathway was also purified (Waxman et al, 1985). Recently, it was 
demonstrated that Friend cells contain an active ubiquitin- and ATP-
dependant proteolytic pathways (Pickart, Graziani & Dosch，1989). 
The possible role of ATP-dependance in the loss of membrane 
proteins during the maturation of the reticulocytes was investigated by 
Weigensberg & Blostein (1983). When sheep reticulocytes were 
cultured in the presence of glucose (ATP-replete cells) there was a 
greater loss of Na-dependant glycine uptake and the number of OBS 
when compared to ATP-depleted cells. These results suggested that 
the loss of certain membrane proteins is ATP-dependant and it was 
suggested that the ATP-dependant proteolytic system was responsible 
(Weigensberg & Blostein, 1983). 
To investigate whether the ATP-dependant proteolytic system 
was involved in the breakdown of membrane proteins, Inaba & 
Maede (1986) incubated dog reticulocyte lysates with ^^^I-labelled 
Na+，K+-ATPase as the substrate, in the presence and absence of 
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ATP. It was demonstrated that inclusion of ATP in the incubation 
medium greatly enhanced the breakdown of ^^^I-labelled Na+，K+-
ATPase (Inaba & Maede，1986). 
The involvement of ATP in the loss of another membrane 
protein, the nucleoside (uridine) transporter was also investigated by 
Blostein & Grafova (1987, 1988). Sheep reticulocytes were cultured 
in vitro and the culture medium was examined for the nucleoside 
transporter. This was achieved by sedimenting the culture medium 
and examining the pellet for binding of the nucleoside transport 
inhibitor (-^H-nitrobenzylthioionosine). There was however, no 
binding of the inhibitor suggesting that the shed material was 
functionally inactive (Blostein & Grafova，1987). Similar studies were 
instituted to explore the fate of the sodium pump using an antibody 
raised against lamb kidney Na+，K+-ATPase which cross reacts with 
the reticulocyte Na+，K+-ATPase. This antibody was shown to cross 
react with the alpha form in the reticulocyte membrane. When 
reticulocytes were cultured in vitro, immunologically reactive alpha 
subunit was detected in the culture medium. The amount of the alpha 
form present in the culture medium was less when the cells were 
depleted of ATP. The shed material had also lost its enzymic activity. 
This suggests that the shed material though immunologically active 
had lost all the enzymic activity probably due to partial or complete 
degradation (Blostein & Grafova, 1988). 
Thus, the ATP-dependant proteolytic system plays an 
important role in the degradation of the membrane proteins including 
the sodium pump during the maturation of the reticulocyte to the 
erythrocyte. 
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6.1.4 Methods Used for Determining Proteolysis 
Methods used for determining proteolytic activity of cell lysates 
are based on the measurement of fragments or free amino acids 
released from proteins during proteolysis. Thus, if radioactively-
labelled proteins are used as substrates, the products of the 
proteolytic system will release fragments of proteins which will be 
trichloroacetic acid soluble, whereas the unused substrate will be 
trichloroacetic acid precipitable. Alternatively, the products of the 
proteolytic system will release free amino acids which could be 
determined enzymatically or fluorimetrically. Another method 
involves the use of chromogenic or fluorogenic peptides. In this 
method, a chromogenic or fluorogenic compound is covalently 
attached to peptides containing about 3-5 amino acid residues; 
proteolysis will result in the release of the chromogenic substrate into 
the medium. 
Substrates used for determining the proteolytic activity were 
radioactively-labeled proteins such as [^'^C]CH3-casein, [ lAqCHg-
haemoglobin (Speiser & Etlinger，1982), ^^^I-lysozyme, ^^^I-bovine 
serum albumin, [^H]CH3-casein, [^H]CH3-globin (Waxman et al, 
1985). Of these proteins, ^^^I-lysozyme required no further treatment 
following radio-iodination. Bovine serum albumin however, requires 
denaturing after radio-iodination. This is achieved by reduction and 
alkylation of the sulphydryl groups to enhance the susceptibility to 
proteolysis. In the case of [14c]CH3-labelled substrates such as 
casein, globin and haemoglobin, proteolytic susceptibility is increased 
by blocking the amino groups of these proteins by methylation or 
carbamylation (Waxman et al, 1985). Some of these proteins have 
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been shown to be extensively degraded to acid-soluble fragments with 
no intermediate products (Rivett, 1985; Murakami & Etlinger, 1987). 
Fluorogenic peptides that have been used are 
benzyloxycarbonyl-Ala-Arg-Arg-methoxynaphthylamine (Waxman & 
Goldberg, 1985) and Succinyl-Leu-Leu-Val-Tyr-4-methylcoumaryl-7-
amide (Matthews et al, 1989). 
Some workers have used the release of amino acids (Bodies & 
Goldberg, 1982; Waxman et al, 1985; Fagan et al, 1987) or the release 
of free amino groups (Waxman et al, 1985; Fagan et al, 1987) from 
endogenous proteins to determine proteolytic activity. Alanine and 
tyrosine were the amino acids that were used by these workers 
(Bodies & Goldberg, 1982; Waxman et al, 1985; Fagan et al, 1987). 
Waxman et al (1985) determined the free amino groups released by 
proteolysis by fluorescamine-reactive material. 
6.1.5 A im of the Study 
The aim of the study was to investigate whether T3 enhances 
the ATP-dependant proteolytic system of reticulocytes from guinea 
pigs and the K562 cells. 
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6.2 MATERIALS & METHODS 
6.2.1 Materials 
Na^^^I was purchased from Amersham International PLC, 
UK. Leupeptin, lysozyme and Phenylhydrazine hydrochloride were 
obtained from Sigma Chemical Co, USA. Sephadex G-25 was 
purchased from Pharmacia Fine Chemicals, Uppsala, Sweden. 
lodogenR was obtained from Pierce, Rockford, IL, USA. A l l other 
reagents were，AR, or，GR，grade. 
6.2.2 Induction of Reticulocytosis and T3 Treatment. 
Adult male guinea pigs (section 4.2.1) were used and 
reticulocytosis was induced by phenylhydrazine administration as 
described by Fincham et al (1984) except that the dose used was 
lower. 
Animals were injected subcutaneously with phenylhydrazine 
hydrochloride 1.25% (w/v) (lml/1200g body weight) for 5 consecutive 
days. Reticulocyte-rich blood was collected on the 8th day (after 3 
days of rest). Reticulocytes were identified by new methylene blue 
staining (section 4.2.4) and separated from erythrocytes by prolonged 
centrifugation (section 4.2.5). 
The T3 injection schedule was as described in section 4.2.5 
except that the dose was reduced from 50 to 10 pg/lOOg body weight. 
Oxygen consumption was determined on day the fifth day of the 
phenylhydrazine injection schedule as described in section 4.2.6. 
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6.2.3 Culture of K562 Cells and Effect of T3 
K562 cells were cultured (section 5.2.4) and the effect of T3 
was examined as described in section 5.3.7.‘ 
6.2.4 Preparation of K562 Cell Lysate 
K562 cell lysate was prepared as described by Rieder et al 
(1985). 1-5 X I0 I2 cells were washed three times with saline (0.154 
mol/1) and mixed with 1 ml of a p H 7.8 buffer containing Tris-HCl (10 
mmol/1) and dithiothreitol (5 mmol/1). Leupeptin at concentration of 
lOug/ml was added to stabilise the ATP-dependant proteolytic 
system. The cells were homogenised using a Bounce homogeniser and 
the lysate was centrifuged at 15,600g for 15 minutes in a Sorvall 
Centrifuge (Model RC28S，Dupont Co, Wilmington, DE, USA) at 
4OC The supernate was used immediately for determining the ATP-
dependant proteolytic system. 
6.2.5 Preparation of Reticulocyte Extracts 
Reticulocyte extracts were prepared according to the method 
of Tanaka, Waxman & Goldberg (1984). Reticulocytes were lysed by 
the addition of 1.5 volumes of dithiothreitol in D D W (1 mmol/ l ) . To 
ensure that there was complete lysis, the cells were homogenised 
using a Bounce homogeniser with a tight fitting Teflon pestle. The 
lysate was centrifuged at 40，000g for 90 minutes. The supernate was 
transferred to dialysis tubing (Spectrapor, Molecular weight cut off 6-
8 kDa, Spectrum Medical Industries, Inc, LA, USA) and dialysed for 
20 hours at against 500 ml of a pH 7.8 buffer containing 
(mmol/1): Tris-HCl 50，KCl 8，dithiothreitol 0.5 and glycerol (20% 
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w/v). The retentate was transferred to cryofuge tubes and stored at -
70®C until analysis. 
6.2.6 lodination of Lysozyme 
lodination of lysozyme with was performed using 
lodogenR (l，3,4，6-tetrachloro-3，6 -diphenylglycouracil) reagent as 
described by Fraker & Speck (1978). This is a solid phase iodination 
technique where the lodogen is coated to the reaction vessel. There 
are several advantages of using solid phase iodination over 
chloramine-T or lactoperoxidase methods. These include the non 
requirement of a reducing agent as the reaction is terminated by 
simply decanting the reaction solution, and non interference from 
detergents, pH or salt solutions (Markwell, 1982). 
lodogenR (4.3mg) was dissolved in 1ml of chloroform and 
aliquots (lOOjil) were transferred to Eppendorf tubes (1.5ml). The 
tubes were dried in an oven at 60^C to evaporate the chloroform. The 
tubes were stored in a desiccator at room temperature. On the day of 
the iodination, the tube was removed and rinsed with Na phosphate 
buffer (0.05mol/l). Lysozyme (lOpg) dissolved in Na phosphate buffer 
was transferred to the tube together with an equivalent amount of 
buffer. Nal25i (200|iCi in 20|il) was added to the tubes, mixed 
thoroughly on a vortex mixer and incubated for 7 minutes at At 
the end of the incubation, ice cold buffer (60iil) was added and the 
incubation mixture was transferred to a Sephadex G-25 column (25x1 
cm) to separate the ^^^I-lysozyme from free Aliquots of buffer 
(1ml) were applied at the top of the column and approximately 1 ml 
fraction was collected. A total of 25 fractions were collected and the 
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radioactivity was determined. The labelled protein appeared in 
fractions 7-11. These fractions were pooled and stored at 
6.2.7 Determination of Proteolytic Activity 
Proteolytic activity of the reticulocyte and K562 cell lysate 
were determined as described by Waxman et al (1985) with 
modifications. 
Solutions 
1. Incubation Buffer 
Tris-HCl 200 mmol/1 
MgCl2 40 mmol/ l 
Dithiothreitol 2 mmol/ l 
The pH of the solution was adjusted to 8.0 with HCl and stored 
at 
2. ATP plus Lysozyme 
ATP 20 mmol/1 
Lysozyme 0.8g/l 
This solution was freshly prepared by dissolving 0.022g of ATP 
and 1.6 mg of lysozyme in 2 ml of incubation buffer 
3. Lysozyme only 0.8g/l 
This solution was freshly prepared by dissolving 1.6 mg of 
lysozyme in solution 1. 
4. 125i_iabelled lysozyme 
The stock solution was diluted with phosphate buffer to give 
40,000- 50,000 cpm in 25|il. 
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5. Bovine serum albumin 5% (w/v) in DDW 
This solution was stored at 
6. Trichloroacetic acid 10% (w/v) in DDW 
This solution was stored at 
Procedure: 
To determine ATP-dependant proteolysis, 25pl of 
ATP/lysozyme solution (solution 2) was pipetted into an Eppendorf 
tube (1.5ml). To determine non-ATP dependant proteolysis, 25ul of 
lysozyme solution (solution 3) was pipetted into another Eppendorf 
tube. The tubes were placed in an ice/water bath and ^^^I-labelled 
lysozyme (25pl), 40,000 to 50,000 cpm was added to each tube and 
mixed thoroughly. An aliquot of the reticulocyte or K562 cell lysate 
(50pl) was added, mixed thoroughly and kept in an ice/water bath. At 
time zero, the tubes were transferred to a water bath at 37^C for 
incubation for 2 hours. A l l determinations were carried out in 
duplicate. 
At the end of the incubation, the tubes were transferred to an 
ice/water bath and ice cold bovine serum albumin (lOOul) was added 
and mixed thoroughly. Ice cold trichloroacetic acid (750ul) was then 
added to stop the reaction. The tubes were left for 10 minutes and 
centrifuged in an Eppendorf centrifuge for 5 minutes. An aliquot of 
the supernate (SOOul) was transferred to a polycarbonate tube and the 
radioactivity present in the trichloroacetic acid fraction was 
determined in a Packard Auto Gamma counter (Model 5780, United 
Technologies, USA). 
Total radioactivity in ^^^I-lysozyme was determined by 
counting an equivalent amount of the label used in the incubation 
mixture. Acid-soluble fraction in the ^^^Mysozyme was determined by 
precipitating an equivalent amount of the label with trichloroacetic 
acid and counting an aliquot (0.5ml) of the supernate. 
Acid-precipitable counts in the label is then total minus acid-
soluble counts. 
Calculation of ATP-dependant proteolytic Activity 
Proteolytic activity was determined as amount of acid-soluble 
radioactivity relative to that initially found in the ^^^I-lysozyme (i.e. 
acid-precipitable). ATP-dependant proteolytic activity is the 
difference in the activities in the presence and absence of ATP. 
Protein was determined by the modified Lowry's method 
(section 5.2.10). Results are given as median and range and Mann-
Whitney U test was used to assess the significance of difference. 
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6.3 RESULTS 
6.3.1 Proteolytic Activity of Reticulocyte and K562 Cell Lysates 
The proteolytic activity of reticulocyte and K562 cell lysates in 
the presence and absence of ATP were determined at different 
incubation times. Three independent preparations were used and the 
results of a typical preparation is shown in figure 6.1 and 6.2 for the 
reticulocyte and K562 cell lysates, respectively. 
The figures shows that in the presence of ATP, the proteolytic 
activity was much greater than in the absence of ATP. The reaction 
was linear up to 3 hours with the reticulocyte whereas it was linear up 
to 2 hours with the K562 cell lysate. 
6.3.2 Induction and Separation of Reticulocytes 
After phenylhydrazine treatment, the percentage of 
reticulocytes were not different in the control group and T3 injected 
animals [median and (range) 43 (25-52) and 35 (32-55), respectively. 
When the erythrocytes were removed the percentage of 
reticulocyte in control group was 89 (82-95) and T3 injected group was 
90 (85-93). 
6.3.3 Effect of T3 Treatment on Guinea Pigs (figure 6.3 & 6.4，respectively) 
After phenylhydrazine treatment, there was weight loss. In the 
control group, there was lOOg (50-100) of weight loss. The T3 treated 
guinea pigs the weight loss was 250 (150-250, p <0.01). Oxygen 
consumption of T3 treated animals was 27% higher than the control 
animals (p <0.01, figure 6.4). 
Figure 6.1 2:仏 
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Figure 5.3 
Effect of Presence ( •) and Absence ( • ) of ATP 
on Degradation of Lysozyme by K562 Cell Lysate 
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Figure 5.4 
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6.3.4 ATP-dependant proteolytic system of Reticulocytes and K562 Cells 
Treated with T3 and Controls (Figure 6.5) 
Reticulocyte lysates prepared from T3 treated animals had 
significantly higher ATP-dependant proteolytic system than control 
animals. The values for the ATP-dependant proteolytic system in the 
T3 treated group ranged from 25 to 69; the corresponding range of 
values for control animals varied from 3.0 to 42.6 ng lysozyme 
hydrolysed per hour per mg protein. 
The ATP-dependant proteolytic system of K562 cells grown in 
the presence of T3 (10"^ mol/1), the mean value was 358 (SEM 169) 
ug lysozyme hydrolysed per hour per mg protein (number of 
experiments, 3) was higher than the corresponding values for control 
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Reticulocytosis was induced by phenylhydrazine administration 
rather than phlebotomy as several studies have used this method. This 
study confirms the presence of an ATP-dependant proteolytic system 
in the reticulocyte lysates of guinea pigs. Earlier studies have used 
only rabbits. The ATP-dependant proteolytic activity of guinea pig 
lysates were linear up to 3 hours of incubation confirming the earlier 
report with rabbit reticulocyte lysate (Tanaka et al, 1984). 
In this preliminary study, the dose of T3 was lower than that 
used in chapter 4 and the dose of phenylhydrazine was lower than that 
used by Fincham et al (1984). This is because with higher doses of T3 
in combination with phenylhydrazine was found to be toxic to the 
animals. With the dose of phenylhydrazine used in this study only 
about 40% reticulocytosis was found as compared to over 90% in 
other studies. Prolonged centrifugation using the method of Murphy 
(1973) resulted in enrichment of reticulocytes to about 90%. 
Reticulocyte lysates were prepared and stored at -70^C for period 
ranging from 14 to 49 days. Fagan et al (1986) have reported no loss 
of proteolytic activity of rabbit reticulocyte lysate stored up to 1 year 
at -70^C despite repeated freezing and thawing. K562 cell lysates 
were however, used immediately. 
The net loss of weight in the T3 treated animals was greater 
than that found in control treated guinea pigs. Oxygen consumption 
was greater in T3 treated group than in control group. This showed 
that even at a low concentration of lOug/lOOg body weight, T3 was 
effective. 
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125 I-lysozyme was chosen as the substrate to determine the 
proteolytic activity as this protein did not require any treatment to 
enhance its susceptibility to proteolysis. Furthermore, studies have 
demonstrated that when lysozyme was used as the substrate, higher 
proteolytic activities were obtained with rabbit reticulocyte (Tanaka 
et al, 1984) and K562 cell lysate (Waxman et al, 1985). 
Several studies have demonstrated that physiological levels of 
T3 are essential for normal growth of muscle and other tissues, but 
excess (e.g. thyrotoxicosis or administration of T3) leads to general 
loss of body weight (for review, see Kettelhut, Wing & Goldberg， 
1988). Thus high levels of T3 causes muscle wasting by augmenting 
protein breakdown. However, the mechamsm(s) involved in the T3 
induced augmentation of protein catabolism is not known. Recent 
experiments by Goldberg and his co-workers have shown that thyroid 
hormone enhances muscle protein breakdown by activation of both 
the lysosomal and ATP-dependant proteolytic pathways. These 
workers however, used hypophysectomised (which was shown to 
reduce thyroid hormone levels) rats and demonstrated that the ATP-
dependant and the lysosomal proteolytic systems were decreased in 
these animals which were attributable to decreases in thyroid 
hormones (Kettelhut, Leopold, Tawa & Goldberg, 1988). 
In the present study, the effect of T3 on the ATP-dependant 
proteolytic system of reticulocytes were examined by injecting T3 to 
anaemic guinea pigs. This study showed that T3 had significantly 
increased the ATP-dependant proteolytic system of reticulocytes. This 
study confirms the presence of the ATP-dependant proteolytic system 
in K562 cells which was previously demonstrated by Rieder et al 
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(1985). Although, the ATP-dependant proteolytic system of lysates of 
K562 cells grown in the presence of T3 was higher than the control 
cells，this did not reach statistical significance. Further work is 
required to confirm whether T3 augments the ATP-dependant 
proteolytic system of K562 cells. 
Several studies have shown that the ATP-dependant 
proteolytic system was, in part responsible for the loss of several 
membrane proteins including the sodium pump (section 6.1.3). This 
study further suggest that the likely mechanism for the reduction in 
the number of OBS seen in reticulocytes and other membrane 
proteins of erythrocytes from patients with hyperthyroidism (chapters 




Overview and Future Work 
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7.1 OVERVIEW & F i m i R F , WOT^K 
Erythrocytes have been used by several workers in a variety of 
situations as a model cell to reflect the changes that take place in 
other cells to understand the pathogenesis of various disorders 
including hyperthyroidism. Initial studies by Boekelman (1958) in 
hyperthyroidism led several workers to examine erythrocyte sodium 
transport in detail. Although it has been known for almost a century 
that thyroid hormone induces an increase in metabolism, the 
mechanism was not fully understood until recently. In the early 70，s， 
Edelman and co-workers proposed and demonstrated that thyroid-
hormone-induced thermogenesis is mediated by the sodium pump. 
Studies on the sodium pump of leucocytes and muscle from 
hyperthyroid patients showed that thyroid hormones augment the 
sodium pump activity of muscle and leucocytes. 
The primary goal of this thesis was to examine the changes in 
the sodium pump in erythroid cell series in hyperthyroidism and to 
examine the possible mechanism for the decrease in the sodium pump 
in erythrocytes. 
The earlier demonstration that the decrease in the sodium 
pump of mature erythrocytes in hyperthyroidism led to the suggestion 
that it is part of a generalised effect of thyroid hormone on membrane 
proteins of erythrocytes. This study confirmed that all the proteins 
mediating the translocation of sodium across the erythrocytes 
membrane were decreased. This led to the suggestion that the 
decreases in the erythrocytes membrane proteins are mediated 
through a common mechanism. 
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Several studies have demonstrated that the maturation of the 
reticulocytes to form the erythrocytes is accompanied by substantial 
losses of membrane proteins, prompted to examine the effect of 
thyroid hormone on the reticulocyte stage. This showed that thyroid 
hormone decreased the sodium pump sites of reticulocytes. This 
suggested that either thyroid hormone had inhibited the synthesis of 
the sodium pump at an early stage during erythropoiesis or caused an 
accelerated loss. 
The demonstration that the Na+，K+-ATPase activity of a cell 
committed to the erythroid lineage (K562) was increased by thyroid 
hormone, lends credence to the idea that these hormones are 
enhancing the loss of a number of membrane proteins of the 
erythrocyte including the sodium pump. 
Several studies have shown that the losses of intracellular 
organelles and decreases in several membrane proteins from the 
reticulocyte to form the mature erythrocytes is mediated by an ATP-
dependant proteolytic system. Thus, the most likely mechanism to 
account for the decrease in the sodium pump sites and other 
membrane proteins of erythrocytes in hyperthyroidism is 
enhancement of the ATP-dependant proteolytic system by thyroid 
hormones. In this study it was demonstrated that the ATP-dependant 
proteolytic system of guinea pig reticulocytes was increased by T3 
administration. This ATP-dependant proteolytic system is also present 
in a variety of tissues including muscle and recent studies have shown 
that thyroid hormones enhances the activity of this proteolytic system 
in rat muscle. 
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Thus, the future work required to fully elucidate the 
mechanism of decrease in the sodium pump sites in erythrocytes in 
patients with hyperthyroidism would revolve around these two axes -
the ATP-dependant proteolytic system and its relationship to the 
sodium pump during erythropoiesis. 
Future Experiments 
1. To confirm that thyroid hormones induced enhancements of the ATP-
dependant proteolytic system is responsible for the decrease in the 
sodium pump sites, the bone marrow of anaemic animals wil l be 
separated by sedimentation at unit gravity and examined for the 
changes in the sodium pump sites and the ATP-dependant proteolytic 
system at various stages of erythropoiesis. 
2. To determine whether thyroid hormone induces enhancements of the 
ubiquitin or the non-ubiquitin pathways of the ATP-dependant 
proteolytic system of reticulocytes from anaemic animals. 
3. To elucidate whether K562 cells contain the ubiquitin or non-
ubiquitin pathways of the ATP-dependant proteolytic system and 
whether thyroid hormone enhances these pathways in a 
concentration- and time-dependant manner. Also determine, what 
changes in the ATP-dependant proteolytic system take place on 
induction of the cells to synthesise haemoglobin. 
4. To examine whether reticulocyte lysates from anaemic hyperthyroid 
guinea pigs degrade ^^^I-labelled purified kidney Na+，K+-ATPase 
at a faster rate than controls. 
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5. To confirm that the ATP-dependant proteolytic system degrades 
membrane proteins, ^^^Mabelled reticulocytes from hyperthyroid 
anaemic animals (which labels all the proteins on the outside of the 
membrane) could be used. 
5. To determine whether the ATP-dependant proteolytic system is 
enhanced in hyperthyroidism, reticulocytes obtained from patients 
and control subjects wil l be compared. 
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